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Abstract 
Cyclophanes are a family of bridged cyclic aromatic compounds that have 
found extensive applications in host-guest chemistty, molecular recognition, 
biomimetics and most recently as precursors in ring-opening polymerizations. 
This research presents the synthesis of several novel cyclic arylene ether 
oligomers, based on 1,3-bis( 4-fluorobenzoyl) benzene with 3,3' -methylene 
diphenol and 3,3'-(ethylene dioxy) diphenol, and their characterization by LC-
MS/MS, 1-D 1H-NMR and x-ray crystallography. Electrospray ionization (ES) 
along with MS/MS was used to characterize cyclic oligomers of molecular weight 
up to 1600 Da. The thermal properties of these cyclic oligomers were studied by 
differential scanning calorimetery (DSC) and thermal gravimeteric analysis 
(TGA). 
These cyclic oligomers were synthesized in high yield by regulating the 
reaction time, concentration, temperature and solvent systems. The relevance of 
reaction conditions was investigated by selected reaction monitoring (SRM). 
Molecular dynamics and potential energy calculations were also carried out 
to understand the molecular characteristics of the bisphenols that lead to the 
formation of these cyclic species. Furthermore, the molecular modeling studies 
assisted in predicting the conformations of the small macrocyclic rings. The 
predicted structures indicated the cavity size and the relative orientation of the 
oxygen atoms. 
V111 
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2 
CHAPTER I 
INTRODUCTION 
1.1 Background 
Luttringhaus and Zieglar1 reported the first synthesis of cyclic arylene 
polyethers in 1937. By 1941, Adams and Whitehalf had prepared a number of 
other cyclic polyethers derived from hydroquinone (see Figure 1.1 ). Although 
many cyclic compounds were known before the discovery of crown ethers by C .1. 
Pedersen3, the significance and applications of many of these macrocyclic systems 
were not truly recognized until their specific characteristics were first published in 
1967. 
Like many other remarkable discoveries in chemistry, crown ethers were 
obtained unexpectedly. However, further investigations by Pedersen revealed that 
the macrocyclic polyethers he had obtained formed stable complexes with alkali 
and alkaline earth metals and that these complexes were soluble in organic 
solvents. He named these macrocyclic polyethers "crown compounds" because the 
complexes resembled a crown placed on an ion. Wide-ranging research on crown 
ethers by Pedersen and his successors has found applications in organic synthesis, 
polymer synthesis, separation of ions, and chemical analysis4 • 
As a class of compounds, macrocyclic systems, such as cyclic polyethers, 
have applications in host-guest chemistry5, molecular recognition6, biomimetics7 
and most recently as precursors in ring opening polymerizations8- 11 • For example, 
cyclodextrins have been used to imitate enzyme catalysis using acyl transfers as 
probes12• Synthetic ionophore crown ethers have been designed to transfer ions 
selectively across a living membrane13•14• Patents have issued to Shinkai eta!. for 
the extraction of uranium from the sea using calixarenes15• Rosenquist et a/. 16 
carried out ring opening polymerizations on cyclic oligomer carbonates in the 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
fabrication of polycarbonate molded parts. In addition, cyclodextrins have been 
applied to increase the dissolution characteristics and hence the bioavailability of 
drugst7. 
Figure 1.1 Structures of the First Cyclic Poly ethers t.z 
3 
Further progress has been made in the applications of macrocyclic systems 
in the last ten years as facile and economic synthetic routes to many cyclic 
compounds have been developed. 
1.2 Applications 
1.2.1 Cyclic Compounds as Precursors to High Performance Polymers 
Many thermoplastics are important because of their excellent mechanical 
properties and high thermal and oxidative stability18• Several of these high 
performance thermoplastics also exhibit resistance to common solvents19• 
Common examples include poly(arylene ether sulfones). poly(arylene ether) 
ketones and polycarbonates as shown in Figure 1.2. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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Figure 1.2 Some Common High Performance Thermoplastics 
4 
Preparation of these polymers from low-viscosity macrocyclic oligomers, 
although uncommo~ is highly desirable. First, the polymerization of the 
macrocyclic oligomers proceeds without the generation of volatile by-products, 
making them especially useful for composite and reaction molding applications20• 
Second, these materials find applications in areas such as pultrusion and reaction 
injection molding (RIM) as a result of their lower viscosity at processing 
temperatures. The ring-opening polymerization of cyclic oligomers also allows the 
fabrication of molded parts with much higher molecular weights than those 
fabricated by standard melt processing16• 
The first synthesis of cyclic carbonates, as low viscosity precursors for 
composites, was reported by Brunelle et al. at General Electric Co21 • Other 
researchers have synthesized cyclic ether sulfones8, cyclic silicone ether imides9, 
cyclic aramides 10, and cyclic arylene ether ketones 11 • Figure 1.3 illustrates the ring 
opening polymerization of cyclic BP A carbonate oligomers. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
5 
The application of reactive cyclic intermediates in the preparation of 
polymers has been an active area of research in recent years at General Electric 
and Imperial Chemical Industries (lCD. Since the~ promising research has 
emerged from the research labs at DuPont, The University of York. and McGill 
University. Researchers at DuPont are currently examining cycloaramids as 
precursors in the preparation of aromatic polyamide foams 10• Recent reports from 
the research labs of Allan Hay at McGill University indicate that efforts are 
underway to synthesize novel cyclic oligomers containing a diphenylacetylene 
moiety20• Reactive groups, such as diphenylacetylene units, can be crosslinked in 
the final polymer by heating at higher temperatures. Rheological studies of the ring 
opening process have also been reported by Hay et a/. 11 More recently, Semleyn 
et a/., from The University of York. have reported the synthesis and 
characterization of cyclic ethylene terephthalate22 oligomers, as well as large 
ether-ester rings23• Undoubtedly, the research in this area will continue to 
contribute to exciting developments in the field of polymer chemistry. 
~!,V+O-\ 
Q-C c-0 INITIATOR 
~ \o-0+0-1 m =50-100 
n = 1-20 
Figure 1.3 Ring Opening Polymerization of Cyclic BPA Carbonate 
Oligomers 
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In general, cyclic oligomers have been synthesized in step-growth reactions 
either with A-A and B-B monomers or with A-B monomers. The products of such 
reactions can be dimers, trimers, or higher cyclic or linear oligomers. Linear 
propagation and cyclization are competitive processes in step-growth reactions. 
Therefore, it is important to use reaction conditions that promote cyclization and 
hinder the generation of linear oligomers. A review of the chemical literature 
turned up no reports on the relative rates of cyclization and linear propagation as a 
way to control the linear oligomer contents. 
Synthesizing most cyclic oligomers exclusive of their linear analogs is 
generally very difficult8- 11 • The application of cyclic oligomers as reactive 
intermediates in the preparation of high molecular weight polymers is limited by 
the availability of the cyclic materials. It is also important to minimize the fraction 
of linear oligomers in the oligomer mixture because they might limit the polymer's 
final molecular weight. 
Other problems may exist in the use of cyclic aromatic oligomers in this 
application. Although a ring opening process can be used to prepare many 
common polymers, such as nylon-6, polyoxymethylene and polyanhydrides, very 
little is known about the polymerization process of cyclic aromatic oligomers24• 
This process is a function of many complex reaction variables. It is crucial to 
control the rate of initiation and propagation as the ring-opening process proceeds, 
because the viscosity of the system increases rapidly as the polymer is formed. 
Furthermore, the temperatures required for the ring opening polymerization of 
certain cyclic aromatic oligomers, even in the presence of a catalyst, are so high 
that decomposition may occurs·26• 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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1.2.2 Cvcllc Compounds as Potential Molecular Receptors 
Synthetic molecular receptors have received widespread interest as enzyme 
mimics27 and membrane transport agents28• Recent research in search of efficient 
host molecules has focused on cyclophane derived systems. A cyclophane is 
defined as a cyclic compound with at least one aromatic ring bridged by an 
aliphatic n-membered bridge (n = 0, I, 2, 3 ... )29. Examples of cyclophanes include 
calixarenes, calixspherands, hemispherands~ and torands. Figure 1.4 illustrates the 
structure of some molecular receptors. 
Many classes of selective macrocycles have been prepared as ionophoric 
receptors30. Pedersen and Cram conducted much of the early work in what is 
known as the field of"host-guest" (or "receptor-substrate") chemistry31 • In fact, 
Cram, Pedersen and Lehn shared the I987 Nobel Prize in Chemistry for their 
extraordinary contribution to supramolecular chemistry. 
Currently, researchers in the field of host-guest chemistry are focusing on 
the development of host molecules for solution-phase complexation of neutral 
organic molecules. The first evidence of inclusion complexation between a 
protonated tetraazaparacyclophane and a neutral aromatic guest in an acidic 
aqueous solution came from the research labs of Koga et a!. in I98032• Since then 
there have been sporadic reports of water-soluble inclusion compounds with 
benzene, naphthalene, and other large aromatic substrates32• Moreover, Pochini et 
a!. have attempted to utilize calixarenes as a stationary phase in column 
chromatography to separate chlorinated hydrocarbons33. 
In general, the selectivity of complex formation depends on the 
conformation of the host molecule, the number of binding sites, and the size of the 
cavity. The development of selectivity (or "recognition enhancement") in 
synthetic hosts requires a fine balance between rigidity and flexibility of the 
macrocyclic compound. Small rings ( < IS-membered ring) have been shown to be 
better than larger rings (> IS-membered ring) in terms of the stereochemistry of 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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binding34• Also, the use of rigid groups, such as benzene rings, within the 
macrocycles enhances selectivity by producing a well-defined cavity35• For 
example, bulky substituents have been added to calix[ 4 ]arenes to obtain a rigid 
cavity36•37• Rigid cavities are capable of discriminating against ions that are larger 
or smaller than the cavity because binding in such cases would require 
deformation of the receptor. Most researchers in the field of supramolecular 
chemistry also emphasize the importance of close contact between the guest 
molecule and the binding sites on the host molecule38. 
Despite the advances made in host-guest chemistry in the last twenty years, 
much work is needed in the design of new classes of synthetic receptors39• Ideally, 
researchers wish to synthesize receptors that mimic the structures and functions of 
naturally occurring transport systems, such as the cyclic peptide valinomycin 
(Figure 1.5), a highly selective carrier antibiotic that uses the special properties of 
a macrocyclic ring to transport potassium ions across biomembranes 40• 
Researchers are employing computer simulations to understand the mechanism by 
which natural carriers operate. Computer simulations of the binding properties of 
valinomycin have revealed that initial coordination probably occurs via the amide 
carbonyl groups on the molecule which align toward the cation41 • 42• As the cation 
approaches the host molecule, the host undergoes a conformational change from a 
twisted bracelet to form an open ring structure. These studies exemplify the 
considerable value of simulations for understanding the structural features that 
control binding and selectivity. Other researchers have conducted studies of 
cyclophane complexation that have revealed that the flexibility of a receptor 
enhances complexation by lowering the kinetic barriers for 
complexation/decomplexation43• It has also been shown that metacyclophanes (i.e., 
cyclophanes with mostly meta linkages) have larger cavities and are much more 
flexible than paracyclophanes44• Similarly, researchers now know that, in some 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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instances. a flexible receptor may undergo a conformational change induced by an 
incorporated guest molecule. This has been called the "induced fit mechanism"43 . 
Me 
CALIXSHERANDS 
TO RANDS 
CALIXARENE 
Figure 1.4 Some Common Molecular Receptors31 
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Figure 1.5 Valinomycin, A Naturally Occurring Carrier Antibiotic40 
In some instances, synthetic molecular receptors have also been lmown to 
function as clathrating agents. Clathrating compounds or inclusion compounds are 
solid solutions of a guest molecule in a crystalline network of the host molecule 45 . 
The most common types of clathrating compounds contain channel-type voids 
within the crystalline framework of the host molecules. The guest molecules are 
located within these voids. Examples of clathrating compounds include some 
alicyclic dials which have been shown to form crystalline inclusion compounds 
with a variety of solvent molecules46-48• Such solid state solutions find applications 
as molecular filtration devices and solid supports for catalysts in chemical 
reactions 49. 
1.3 Statement of Research 
The goals of this research have been to synthesize and characterize 
macrocyclic species in two arylene ether systems. Specifically, we are studying the 
cyclic arylene ether oligomers formed when two different bisphenols, 3,3 '-
(ethylene dioxy)diphenol (3-EDD) and 3,3'-bis(hydroxyphenyl)methane (3-HPM), 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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are condensed with 1,3-bis(4-fluorobenzoyl)benzene (1,3-FBB). We have 
examined the cyclization reaction and, in particular, the roles of the solvent and of 
the molecular characteristics of the bisphenols that lead to the formation of low 
molecular weight cyclic oligomers. An understanding of the cyclization reaction is 
critical in determining methods to control cyclic oligomer formation. 
Cyclic oligomer formation in the reaction between 1,3-bis( 4-fluorobenzoyl) 
benzene (1,3-FBB) and 3,3' -bis(hydroxyphenyl)methane (3-HPM) was first 
discovered by Hergenrother et a!. 50 as determined by gel permeation 
chromatography (GPC). Under the reaction conditions employed by Hergenrother 
eta!. the reaction afforded a broad distribution of high molecular weight polymer 
and a series of low molecular weight cyclic species. Since the researchers, in this 
case, were examining this arylene ether polymer as a candidate engineering 
thermoplastic for aerospace applications such as coatings, adhesives and 
composites, the formation of the low molecular weight cyclic oligomers was 
considered undesirable. Cyclic oligomers can act as plasticizers and degrade many 
mechanical properties of the polymer. Breaking strength and tensile modulus are 
two such properties. Conversely, these cyclic oligomers are low viscosity 
precursors that can be polymerized to high molecular weight polymer during 
composite part fabrication. 
The two bisphenols were chosen because their molecular structures allowed 
us to study the effect of increased flexibility. The connecting group that attaches 
the two phenol rings in 3,3'-bis(hydroxyphenyl)methane (3-HPM) is a methylene 
unit (-CHr) whereas the connecting group in 3,3'-(ethylene dioxy)diphenol (3-
EDD) is a longer dioxy-linking group ( -OCH2CH20-). The dioxy-linking unit 
imparts greater flexibility to the molecule than the methylene unit. Structures of 
these monomers are depicted in Chapter 2. 
This research employed kinetic studies to compare the rates of cyclization 
versus linear propagation. 
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Since the application of these cyclic oligomers as thermoplastic precursors 
was dependent on their thermal behavior, i.e., low melting temperatures would 
greatly aid processability, it was desirable to examine the thermal properties of 
both the single-sized cyclic oligomers and the cyclic oligomer mixture. 
Differential scanning calorimetery and thermal gravimeteric analysis were used. 
A second possible application of this research is the utilization of the small 
macrocyclic rings in these arylene ether systems as molecular receptors that 
exhibit strong complexation and binding with ions and other neutral molecules. 
Therefore, it was important to obtain structural information on these macrocyclic 
species by means of mass spectrometry, 1H NMR, and x-ray crystallography. 
Furthermore, we hoped that molecular modeling studies would assist in 
predicting the conformations of the small macrocyclic rings. The predicted 
structures were expected to indicate the cavity size and the relative orientation of 
the oxygen atoms. 
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CHAPTER II 
SYNTHESIS OF CYCLIC ARYLENE ETHER OLIGOMERS 
2.1 Introduction 
Macrocyclic systems can be synthesized by a variety of routes. The most 
successful cyclization reactions depress linear propagation with the most 
commonly reported methods being1-5: 
1. high dilution of the reaction mixture, 
2. a two-step condensation, and 
3. a template reaction 
16 
Since cyclization is a unimolecular reaction and linear polymerization is a 
bimolecular reaction, cyclic oligomers can be synthesized in high yield by 
employing the proper choice of reaction conditions. For example, Richmans and 
Atkins reported that the tendency to form cyclic sulfonamides in DMF is so high 
that high dilution conditions are not needed6. Similarly, Groenen eta/. reported 
that the cone isomer oftetraalkoxycalix[4]arene can be synthesized exclusively by 
using N aH in DMF at room temperature 7• 
In general, the facility of cyclization depends on the interplay between the 
kinetic and thermodynamic stability8•9. The product distribution may be very 
different under kinetic control than under thermodynamic control. Kinetic 
depression occurs when the rate of linear propagation is larger than the rate of the 
cyclization reaction. In this case, the formation of cyclic species is depressed and 
does not begin until after all the monomer has been consumed. 
This chapter discusses the synthesis of cyclic arylene ether oligomers based 
on two different bisphenols, 3,3'-(ethylene dioxy)diphenol (3-EDD) and 3,3'-
bis(hydroxyphenyl)methane (3-HPM), condensed with 1,3-bis( 4-fluorobenzoyl) 
benzene. Cyclic oligomers were synthesized in high yield by regulating the 
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reaction time, concentratio~ temperature, and solvent systems. The effect of the 
nature of the cation present during the cyclization reaction was also studied. Some 
problems occurred in the synthesis (i.e., formation of undesirable side products) 
and are discussed in detail. This is the first report, to the best of our knowledge, of 
the synthesis of a single sized cyclic oligomer in higher than 90% yield. 
2.2 Experimental 
2.2.1 Materials 
Dimethyl acetamide (DMAc), dimethyl sulfoxide (DMSO), N-methyl-2-
pyrrolidinone (NMP), N-cyclohexyl-2-pyrrolidinone (CHP) and N, N' -dimethyl-
propyleneurea (DMPU) were used as received from Aldrich. Toluene was used as 
received from Fisher. Anhydrous potassium carbonate was used as obtained from 
Fisher. 
3,3'-(Ethylenedioxy) diphenol was recrystallized in toluene prior to use 
(Aldrich). 1,3-Bis(4-fluorobenzoyl) benzene was obtained from NASA Langley 
Research Center and was recrystallized in toluene. 3,3'-
bis(hydroxyphenyl)methane was obtained in three batches. Batch #I was obtained 
from NASA Langley Research Center; batch #2 was prepared by David Eldridge 
using the synthetic route reported by Hergenrother eta!. 10; and batch #3 was 
purchased from Synmet, Inc. (Memphis, TN). In each case, the material was 
subsequently recrystallized in toluene. 
Structures and acronyms of the monomers and solvents used in the 
synthesis are illustrated in Tables 2.1 and 2.2, respectively. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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Monomer name Acronym Structure 
1,3-bis 1,3-FBB 
( 4-fluorobenzoyl) 
0 0 benzene II II 
,0U~ 
F F 
3,3 '-bis(hydroxyphenyl) 3-HPM 
methane HO OH 
I " I " / / 
3,3'-(ethylene dioxy) 3-EDD 
diphenol HO 0 
u~ou~ 
Table 2.1 Structures and Acronyms of Monomers Used in the Synthesis of 
Cyclic Oligomers 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
19 
Solvent Name Acronym Structure 
Dimethyl Acetamide DMAc o 
c~ 
Dimethyl Sulfoxide DMSO 0 
N-methyl-2-pyrrolidinone NMP 
N-cyclohexyl-2-pyrrolidinone CHP 0 
N 
N, N' -dimethyl-propyleneurea DMPU 
Table 2.2 Structures and Acronyms of Solvents Used in the Synthesis of 
CycHc OHgomers 
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2.2.2 Preparation of Cvclic Oligomers 
The general synthetic scheme for the synthesis of cyclic arylene ethers is 
shown in Figure 2.1 below. A representative procedure for each compowtd 
follows. 
0 0 
II II 
20 
f'Y'~~ +HOVUH ~ V I# I# 
F F l 
0 
[ 
+ 
0 
[ 
+ Polymer 
1" 0 0 /~~J 
.:J 
Unear Oligomers m 
m = 1 -100 
" ~ ~ '"~AA~ 
Cyclic Oligomers n 
n = 1, 2, or 3 
Figure 2.1 General Synthetic Scheme for Synthesis of Cyclic 
Arylene Ether Oligomers 
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2.2.2.1 Synthesis ofPAE-1330 Cyclic Oligomers 
The reaction between 1,3-bis(4-fluorobenzoyl)benzene (1,3-FBB) and the 
bisphenol was conducted in a 250-mL round-bottom flask equipped with a 
nitrogen inlet, thermometer, and Dean-Stark trap. In a typical cyclization reaction, 
0.805g (0.0025 mol) of 1,3-bis(4-fluorobenzoyl)benzene (1,3-FBB), 0.6156g 
(0.0025 mol) of3,3'-(ethylene dioxy)diphenol (3-EDD) and an excess of 
carbonate salt (K2C03, LhC03, or Cs2C03) were refluxed in a solvent/toluene 
(70/30, v/v) mixture. Several different solvents were used. The monomers were 
dissolved in the solvent beforehand to ensure complete transfer into the reaction 
vessel and thus maintain the stoichiometric ratio. The concentration of the reaction 
mixture was calculated in terms of% solids, i.e., mass of the two monomers 
divided by the total solvent volume [mass of monomers (g)/total solvent volume 
(mL)) X 100. 
The reaction mixture was stirred constantly by means of a magnetic stirrer. 
The temperature was raised slowly over a three-hour period. The water formed 
during the reaction was removed in the form of a toluene-water azeotrope by 
means of the Dean-Stark trap. Only the minimum amount of solvent was removed 
to ensure maintenance of a low concentration of solids in the reaction mixture. 
During the initial stages of the reaction, the reaction mixture acquired a yellow-
orange color, resulting from the formation of the phenoxide, which gradually 
deepened to black over several hours. 
At the completion of the reaction, the mixture was cooled and precipitated 
into 150 mL of an aqueous quenching solution. The aqueous quenching solution 
was either acidic (1M aqueous acetic acid) or basic (1M aqueous KOH). In each 
case, the precipitate was removed by filtering, washed with water (to remove all 
salts) and dried overnight in a vacuum oven. In some instances, the product was a 
gel which either floated in the aqueous solution or stuck to the sides of the 
glassware. In these cases, the gel had to be extracted from the aqueous layer into 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
chloroform. The chloroform was then evaporated, and the product was dried 
overnight in a vacuum oven. 
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The basic ( IM aqueous KOH) quenching solution was used to remove any 
linear oligomers with hydroxyl ends. The acidic (1M aqueous acetic acid) 
quenching solution, on the other hand, precipitated all reaction products in the 
reaction mixture. 
Table 2.3 lists the various reaction conditions for the synthesis of P AE-
133D cyclic oligomers. 
Reaction Solvent Cone. Reaction Quenching Temp. Cation 
(%solids) Time Solution (oC) with 
(hours) (CO/") 
A DMAc 3 72 Acidic 155 K-
B DMSO 3 72 Acidic 155 K-
c DMPU 3 72 Acidic 155 K-
D CHP 3 72 Acidic 155 K-
E NMP 3 72 Acidic 155 K-
F CHP 10 72 Acidic 155 K~ 
G NMP 10 24 Acidic 155 K. 
H DMAc 10 24 Acidic 155 K. 
I NMP 10 72 Acidic 155 K. 
J DMAc 25 1 Acidic 155 K. 
K DMAc 3 168 Acidic 155 K-
L NMP 3 168 Acidic 195 K~ 
M NMP 3 24 Acidic 185 K. 
N NMP 3 72 Acidic 185 K. 
0 NMP 3 24 Acidic 155 Lf 
p NMP 3 24 Acidic 155 cs· 
Table 2.3 Reaction Conditions for the Preparation ofPAE-1330 Cyclic 
Oligomers 
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2.2.2.2 Synthesis of P AE-133 Cyclic Oligomers 
The synthesis of 133 cyclic oligomers follows the same procedure given 
above for 1330 cyclic oligomers. In this case. 3,3'-bis(hydroxyphenyl)methane 
was used as the bisphenol. Furthermore. the temperature was maintained at 155 °C 
for all reactions. 
Table 2.4lists the various reaction conditions for the synthesis of 133 
cyclic oligomers. 
Reaction Solvent Cone. Reaction Quenching Cation 
(%solids) Time Solution with 
(hours) (COJ:t-) 
A DMAc 25 19 Acidic K-
8 DMAc 1.6 19 Acidic K-
c DMAc 3 168 Basic K-
D NMP 3 168 Basic K-
E DMSO 3 168 Basic K. 
F DMAc 3 72 Basic K. 
G NMP 3 72 Acidic K. 
H CHP 3 72 Acidic K-
I D:MPU 3 72 Acidic K. 
J NMP 10 24 Acidic K-
K DMAc 3 72 Acidic K" 
L NMP 3 72 Acidic Li" 
M NMP 3 72 Acidic cs-
Table 2.4 Reaction Conditions for the Preparation ofPAE-133 Cyclic 
Oligomers 
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2.2.2.3 Synthesis of Mixed P AE Cyclic Oligomers 
Mixed PAE cyclic oligomers were synthesized by reacting l.6100g (0.005 
mol) of 1,3-bis(4-fluorobenzoyl)benzene (1,3-FBB), 0.6156g (0.0025 mol) of3,3'-
(ethylene dioxy)diphenol (3-EDD), 0.5000 g (0.0025 mol) of3,3'-
bis(hydroxyphenyl)methane (3-HPM) and an excess ofK2C03 in NMP at 155°C. 
Concentration was maintained at 10% solids. All other procedures were the same 
as given above. 
Figure 2.2, below, is a general synthetic scheme for the synthesis of mixed 
P AE cyclic oligomers. 
[~oV.Uo:~" 
Oligomer& n = 1. 2,or3,/ 
+ 
R=-C~-or­
OC~C~O-
~~0~0 ~-U 
M"rxed C)dic and Linear Oligomer& U 0 o] 
+ Polymer 
Figure 2.2 General Synthetic Scheme for Synthesis of Mixed Cyclic Arylene 
Ether Oligomers 
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2.2.3 Characterization of Reaction Products 
The product of each reaction was characterized by gel-permeation 
chromatography (GPC) and liquid chromatography-tandem mass spectrometty 
(LC-MS/MS). The details of these experiments are given in Chapter III. 
All GPC experiments were performed under the same conditions to allow 
direct comparison of the reaction products. The GPC chromatogram for each of 
the above reactions is given in Appendix A. In some cases, the reactions were 
repeated to ensure that the data were reproducible. 
The LC-MS/MS experiments were employed to con:finn the structure of 
each cyclic species, under the molecular weight of 1600 glmole, present in the 
reaction product. 
25 
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2.2.3.1 PAE-1330 Cvclic Oligomers 
Figure 2.3 is a representative GPC chromatogram of the product mixture 
from a PAE-1330 reaction. Table 2.5 gives the structure, molecular weight and 
eluting volume for the monomers and cyclic oligomers under consideration. Peaks 
of interest are marked on the chromatogram. 
Reaction 0 
Solvent: THF 
Flowrate: 3.2 mL/min 
Column: 100%, Oivinylbenzene 
Porosity: 5 microns 
~IW range: <1 00 to 5,000 
Cyclic dimer 
Cyclic tetramer 
9.88 
Cyclic hexamer 
7.88 
:5.88 
3.88 
1.88 
RET UOL 
Figure 2.3 Representative GPC Chromatogram for PAE-1330 
Reactions 
I 
I 
I 
J 
\ 
\ 
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Name Structure Molecular Eluting 
Weight Volume 
(2/mole) (mL) 
1,3-FBB ~ ~ 
.... ..,.., 
~-- 110.8 
pl)CQF 
Cyclic 0 0 528 107.0 
Dimer "'-Q-n 
'0 ¥ ' ~ . b .&:= '- 0 
"tr·'-'.-0 ~ " 
Cyclic 1056 97.7 
Tetramer 
0 
.o'v~.D-.~·'Y 
&~·u~~p· 
0 
Cyclic 1584 92.7 
Hexamer 
9 
. 
. b O-r-'· 
Table 2.5 Structure, Molecular Weight and Eluting Volume for 
PAE-133D Oligomers 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
28 
2.2.3.2 PAE-133 Cvclic Oligomers 
Figure 2.4 is a representative GPC chromatogram of the product mixture 
from a PAE-1330 reaction. Table 2.6 gives the structure, molecular weight and 
eluting volume for the monomers and cyclic oligomers under consideration. Peaks 
of interest are marked on the chromatogram. 
Reaction C 
Solvent: THF 
Flowrate: 3.2 mL/min 
Column: 100°./o Divinylbenzene 
Porosity: 5 microns 
MW range: <1 00 to 5,000 
Cyclic hexamer 
6.88 
s.ee 
4t.ee 
:J .ee 
2.88 
.1. ee -1------
Cyclic dimer 
Cyclic tetramer 
RET UOL 
Figure 2.4 Representative GPC Chromatogram ofPAE-133 Reactions 
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Name 
1,3-FBB 
Cyclic 
Dimer 
Cyclic 
Tetramer 
Cyclic 
Hexamer 
Structure Molecular 
Weight 
(a/mole) 
.. .,., _, __
482 
965 
1392 
Table 2.6 Structure, Molecular Weight and Eluting Volume for 
PAE-133 Oligomers 
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Eluting 
Volume 
(mL) 
110.8 
108.5 
100.5 
95.5 
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2.3 Results and Discussion 
Analysis of the reaction products revealed that, in most cases, the synthetic 
route employed here affords a complex mixture of oligomeric species. It appears 
that a variety of factors come into play in determining the exact composition of the 
reaction mixture. Although the data do not provide definitive answers, they 
strongly suggest that the product distribution is dependent on: 
1. the concentration of the reaction mixture and the reaction time, 
2. the solvent system, 
3. the temperature at which the reaction was carried out, 
4. the template effects due to the cation present in the reaction mixture, and 
5. the conformation of the linear precursors. 
2.3.1 Effect of Reaction Time and Concentration 
The concentration of the monomers was varied from 1.6% to 3% to 10% 
solids in solution. The first-order intramolecular cyclization reaction of dimers, 
tetramers, etc. to form the cyclic oligomers becomes more favorable relative to 
linear propagation as the concentration of the monomers decreases. Therefore, as 
expected, reactions with low monomer concentrations (3% solids) resulted in a 
high yield of low molecular weight cyclic compounds. A monomer concentration 
of 1.6% solids (PAE-133, Reaction B), however, was too low and resulted in no 
significant reaction occurring in 19 hours. This observation can be explained as 
follows. Since the condensation reactions under consideration here employ A-A 
and B-B monomers, the first step requires that the two different monomers come 
together to form a linear dimer. This is an intermolecular reaction and is second 
order in the concentration of the monomers. With the extremely low concentration 
and short reaction time, few monomer pairs come together to form the linear 
dimer. Hence, no significant amounts of cyclic oligomers were formed. 
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In most instances, a monomer concentration of 10% resulted primarily in 
high molecular weight polymer. However, for the P AE-133 system, the tendency 
to form the cyclic species in NMP is so high that even a 10% monomer 
concentration resulted in mostly cyclic dimer. For the mixed PAE reaction, 10% 
solids resulted in only the cyclic dimers along with mostly linear oligomers and 
high polymer. 
Long reaction times (>24 hours) were employed for most reactions. 
However, kinetic studies of these reactions indicated that long reaction times are 
not necessacy and in fact the cyclic species are formed early in the reaction. 
Complete details of the kinetic studies are discussed in Chapter IV. 
2.3.2 Solvent and Temperature Effects 
The condensation reactions were carried out in five different solvents, 
DMAc, DMSO, NMP, CHP and DMPU. The product distribution for each 
reaction is very different and emphasizes the important role the solvent plays in 
this synthesis. To understand that role, one must first examine the mechanism by 
which the reaction proceeds. 
The condensation of 1,3-FBB with 3-EDD or 3-HPM proceeds via SNAr 
nucleophilic aromatic substitution. This mechanism consists of two steps. The first 
step involves the attack of the carbon attached to the fluorine by the oxygen anion 
from the hydroxyl group. An intermediate, called the Meisenheimer complex, is 
formed. The second step involves the departure of the leaving group, in this case 
the fluorine. This mechanism is illustrated in Figure 2.5. 
SNAr mechanisms are accelerated by the presence of electron withdrawing 
groups, such as the carbonyl or sulfone group, in the ortho or para positions 
relative to the leaving group. The withdrawing group decreases electron density at 
the site of substitution and stabilizes the anionic intermediate and the transition 
states by resonance with the aromatic rings11 • 
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Step 1 
Step2 
Figure 2.5 
- slow y- ___. 
Y y y 
e ~(fx +--• ___,., e'(j-x +--• ___... V
1 
e x 
y 
0fy 
V • x-
Reaction Mechanism for the SNAr Nucleophilic Aromatic 
Substitution12 
It has been widely reported that dipolar aprotic solvents such as DMAc, 
NMP, DMPU and DMSO are preferred solvents for arylene ether syntheses 
proceeding via the SNAr mechanism11• 13.1 4• Dipolar aprotic solvents effectively 
solvate the polar intermediate formed in Step 1ofFigure 2.5. 
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In our study, NMP and CHP proved to be by far the best solvents for the 
cyclization reaction. PAE-133 Reaction D (NMP, 3% solids, 168 hours) resulted 
in the exclusive formation of the cyclic dimer. For the PAE-133 system, the cyclic 
dimer was the predominant product in all reactions using NMP and CHP. In some 
cases, the cyclic tetramer and hexamer were also formed. The similar chemical 
structures ofNMP and CHP may explain why in most instances both solvents 
afford similar product distributions. Other researchers have also seen enhanced 
results with NMP in condensation reactions. In an effort to understand the unique 
nature ofNMP that makes it such a favorable reaction medium in SNAr processes, 
Fahey and Ash, in 1991, conducted conductimetric experiments15• The results of 
these experiments indicate that NMP dissociates ion pairs, thereby facilitating the 
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reaction. Free nucleophilic anions are known to be much more reactive than ones 
associated with an ion pair. 
The PAE-133D reactions utilizing CHP as the solvent (PAE-1330 
Reactions D and F) gave the cyclic oligomers in high yield with low monomer 
concentrations (3% solids) and only high polymer with high monomer 
concentrations (10% solids). 
The P AE-13 3D reactions using NMP, on the other hand, gave perplexing 
results. Short reaction times (24 hours, Reactions G and M) resulted in mostly 
cyclic dimer, cyclic tetramer and cyclic hexamer along with some high polymer. 
Long reaction times and high temperatures (> 185°C) resulted in mostly 
unidentifiable products along with the cyclic oligomers (Reactions E, I, and N) . 
These unidentifiable products were isolated by means of preparative 
chromatography. However, attempts to characterize them by 1H NMR and tandem 
mass spectrometry failed. Each characterization technique pointed to a complex 
mixture of compounds. 
Reaction L was intentionally carried out at 195°C for 168 hours, to ensure 
that the undesirable side products were in fact a result of high temperature and 
long reaction time. The chromatogram for Reaction L (Appendix A) shows no 
identifiable cyclic species. Retention volumes of the predominant peaks are at 
111.0 and 102.6 mL with a shoulder at 100.1 m.L. While the observations made in 
Reaction L provide no detailed insight, they do indicate that a competing SRN I 
mechanism may be leading to the undesirable side products. The SRN I mechanism 
has been known to become operative at high temperatures and at long reaction 
times15. 
The SRN 1 mechanism is a radical-anion chain mechanism which may be 
initiated thermally15•16, photochemically17, or even electrochemically18•19. The 
interaction of high-energy radiation with solvents can initiate the production of 
ionized and excited solvent molecules. Bunnett et a/. have reported that aromatic 
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SRNI reactions may also occur in the dark at room temperatures17• Reactions 
occurring by the SRN 1 mechani~ as any radical chain mechani~ consist of 
three steps: initiatio~ propagatio~ and termination. Figure 2.6 illustrates, in 
general, the SRN 1 mechanism. Single electron transfer occurs most readily in easily 
reducible substrates20• Therefore, reductive dehalogenation of aryl halides 
increases in the order F< Cl < Br < L This observation is also supported by the fact 
that, as the size of the halide increases, so does steric hindrance, thus making the 
SRN I pathway more competitive with the SNAr pathwal1• 
SteP 1: Initiation 
( ) X + ~ ( o) X 
SteP 2: Prooagation 
(·) x--------~ 
-Q· + Nu -----+ 
~u+ ()X 
Step 3: Termination 
-Q· + R-H -----+ 
-Q· + ~-~ 
Figure 2.6 Reaction Mechanism for the SRN l Nucleophilic Aromatic 
Substitution11 
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As step 3 indicates, the chain is terminated by hydrogen abstraction and 
therefore results in the reductive elimination of the halide from the propagating 
aryl halide chain. The result is an unreactive chain end that cannot further 
propagate. 
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The source of the electron that initiates the chain reaction cannot always be 
established. The electron may be ejected from the phenolate anion23• 24 itself, in 
which case, the electron may be transferred from the phenolate to the aryl halide 
within an excited charge-transfer complex25• In some cases, the electron may 
originate from the decomposition of the solvent at high temperatures and long 
reaction times under basic conditions. The NMP ring has been known to degrade 
to yield 4-(N-methylamino)-butanoate26. In fact, reductive dehalogenation of aryl 
halides using NMP can take place even in the absence of the phenolate. 
Mohanty et a!. 21 have reported that the SRN 1 mechanism is responsible for 
the fonnation of oligomeric products in the polymerization ofbisphenol-A with 
1,3-bis(p-chlorobenzoyl) benzene. Percec et al. 25 have reported a similar 
phenomenon in the polyetherification of 4,4' -dihalodiphenyl sulfones with 
bisphenolates. It appears that the side products in the PAE-1330 cyclization 
reactions may be a result of a similar reductive dehalogenation reaction. Further 
support for a competing SRN 1 pathway can be found in a study23 of SRN 1 chemistry 
in the synthesis of poly( arylene ether ketone )s. This report indicates that several 
factors, such as choice of solvent, bisphenol and other reaction conditions such as 
temperature, influence the distribution of the radical-anion pathway versus the 
classical substitution pathwa~. Specifically, solvent effects were investigated by 
detecting free radical intermediates of model compounds by time-resolved electron 
paramagnetic resonance spectroscopy. This study lends further support to the idea 
that the SRN 1 pathway becomes competitive with the SNAr pathway when the 
solvent and nucleophile form a stable radical. Other researchers have also reported 
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that the electron transfer that initiates the SRN I process occurs more readily when 
the electrophile and nucleophile can stabilize unpaired electrons21 • 
A number of factors may have predisposed the 1,3-bis( 4-tluorobenzoyl) 
benzene (1,3-FBB) to undergo reductive elimination, if in fact the side products 
are a result of the SRN 1 process. NMP can form secondary radicals, making it 
likely that its hydrogen atom donating properties may assist in the termination step 
of the SRNl pathway. Toluene is also a potential hydrogen atom transfer agent15, 
and is present during the cyclization reaction as an azeotroping agent. 
Furthermore, if the bisphenolate is the electron donor, the structure of the 
bisphenolate plays an integral role in the occurrence of reductive elimination26. 
The 3,3'-(ethylene dioxy)diphenol (3-EDD) monomer may influence the aryl 
fluoride to undergo reductive dehalogenation. 
Unreactive chain ends stem directly from hydrogen atom transfer to the aryl 
radical and lead to the undesirable low molecular weight non-propagating 
oligomers28• The generation of the unreactive chain ends also results in a loss of 
stoichiometry between the two monomers and further limits the substitution 
reaction. 
Possible structures for the side products based on reductive elimination, 
while not identified in this study, are proposed in Figure 2.7. All of the 
unidentifiable products, except one, have smaller GPC elution volumes compared 
to the cyclic oligomers. This observation lends further support to the idea that 
these unidentifiable products are linear species. Macrocyclic compounds are 
known to have larger GPC elution volumes compared to their linear analogues. 
This behavior is believed to be a result of the smaller molecular dimensions of the 
cyclic molecules compared to acyclic molecules. 
Mass spectra of the unidentifiable products (isolated by means of 
preparative chromatography) at retention volumes 111.0 and 102.6, 100.1 mL are 
given in Appendix B. 
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Figure 2. 7 Possible Structures of the Side Products in the 
Condensation of 1,3-FBB and 3-EDD in NMP 
The products of reductive dehalogenation can be suppressed by the addition 
of radical scavengers to the reaction mixture. A better way to test the hypothesis 
that the side products are a result of reductive elimination would have been to add 
a radical inhibitor to Reaction L. Compounds that react readily with radicals and 
have been used for this purpose include di-tert-butyl-nitroxide 16 and 
nitrobenzene26• 
For the PAE-133D syste~ the side products at 111.0 and 100.1 mL 
retention volumes were also obtained in reactions using DMAc or DMPU and long 
reaction times (Reactions A, C, K). On the contrary, short reactions times with 
DMAc gave excellent yields of the cyclic oligomers (Reactions H and J). In fact, 
Reaction J gave high polymer and a series of cyclic oligomers despite the high 
concentration and extremely short reaction time (25 % solids and l hour). 
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Similarly, DMAc and DMPU proved to be excellent solvent systems for the P AE-
133 system when a series of cyclic oligomers were desirable (Reaction C and I). 
The results of our study show that DMSO is not a preferable solvent for 
the cyclization reaction. No cyclic formation was observed for the P AE-133 
system (Reaction E). On the other hancL P AE-1330 system produced mostly high 
polymer and a small amount of cyclic dimer (Reaction B). 
2.3.3 Effect of Cation 
Templated cyclization reactions can be used to synthesize cyclic molecules 
of medium-to-large size. The formation of large cyclic molecules suffers from an 
unfavorable entropy term in the overall free energy change and this undesirable 
effect can sometimes be overcome by the use of an ion as a template to direct the 
cyclization process1• In most templated reactions, a metal ion, whose ionic 
diameter corresponds to the cavity size of the desired macrocycle, is used to direst 
the cyclization process29• 
Shinkai et a/. 30•31 have reported the synthesis oftetra-tert-butyl-
tetrakis[(ethoxycarbonyl) methoxy] calix[4]arene by the metal template effect 
using sodium and cesium ions. Other researchers have also seen considerable 
sensitivity to the nature of the cation present during a cyclization reaction9. 
In our case, three different ions, Li-, K- and cs·, were used. In comparing 
the effect of the ion, temperature, solvent, and concentration were kept constant. 
NMP was used as the solvent and the reaction time was 24 hours. Although a 
direct correlation cannot be found, the size and nature of the cation appeared to 
have affected the final product distribution. The different cations led to very 
different product distributions. 
The relative amount of higher oligomers (both linear and cyclic) increased 
with the Cs'" ion; however, the cyclic dimer was still the major product for both 
arylene ether systems (PAE-133D Reaction P, PAE-133 Reaction M). The K'" ion 
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gave almost exclusively the cyclic dirner for the PAE-133 system (Reaction G) and 
a series of cyclics for the P AE-1330 system (Reaction M). The most interesting 
results were obtained with the Li~ ion. It gave very similar product distributions for 
both arylene ether systems. In each case, the major products were the cyclic dimer 
and the cyclic tetramer. This difference in selectivity may be dependent on the site 
at which the linear oligomer and the cation associate. In studying the complexation 
properties of tetrakis[ ( ethoxycarbonyl)-methoxy ](2.1.2.1] metacyclophane, 
Sawada et a/. 32 found that the aromatic rings of that cyclophane came closer upon 
complexation with cesium. The site of complexation was not within the ca\ity of 
the cyclophane. 
Figure 2.8 and 2.9 show the overlay GPC chromatograms comparing the 
effects ofthe different cations for both PAE-1330 and PAE-133 systems, 
respectively. 
PAE-1330 
2.88 
.1..118 
.811ft I :se.e 
.K+~ 
Cs+ ·· 
•a'-• ~ 
Figure 2.8 GPC chromatograms comparing the effect of the cation on 
product distribution for the PAE-1330 system. 
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Figure 2.9 GPC chromatograms comparing the effect of the cation on 
product distribution for the PAE-133 system. 
2.3.4 Effect of the Conformation of the Linear Precursors 
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The formation of cyclic species can be viewed in terms of the probability of 
ring closure33. Figure 2.10 is a schematic showing the process of chain 
propagation and ring closure. 
A 8 A-8 A-8 A-8-A-8 A-8 A-8-A-8-A-8 ETC. + ~ ~ ~ ~ 
~ ! ~ 
I\ A 8 A-8 I \. 
A 8 8 A 
v \ / 8 A A-8 
Figure 2.10 Schematic Diagram of Chain Propagation and Ring Closure33 
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At each step the possibility of ring closure exists. In general, the probability 
that the two ends will encounter each other depends on the conformation of the 
bonds between the two ends. A number of other factors also control the ring 
closure process. For example, the linking bridges play a critical role in determining 
the flexibility of the linear oligomers. Also, cyclic formation is favored in 
molecules with a bent shape34• A large number of meta linkages may lead to such a 
bent shape. 
The major product in all PAE-133 reactions was the cyclic dimer. It 
appears, from x-ray crystallography and molecular modeling studies, that the high 
number of meta linkages and few points of torsional flexibility in the linear dimer 
may assist ring closure at that point Conversely, although the PAE-1330 cyclic 
dimer can be obtained in high yield, almost all reaction products contained a large 
amount ofhigher cyclics as well. The dioxy linking bridge (-OCH2CH20-) in the 
P AE-133 D system affords the linear precursors much more flexibility and permits 
the linear chain to evade ring closure early in the reaction. 
The results of the x-ray crystallography and molecular modeling studies are 
discussed in detail in chapters 3 and 5, respectively. 
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CHAPTER III 
CHARACTERIZATION OF CYCLIC ARYLENE ETHER 
OLIGOMERS 
3.1 Introduction 
55 
Complete characterization of individual components in a complex reaction 
mixture can be a daunting task. In this researc~ many different characterization 
techniques were used to identify the products of the cyclization reactions. 
First, the complex mixtures were separated by chromatographic techniques. 
Reaction product trends were studied by analytical gel permeation chromatography 
(GPC). Isolated fractions of the reaction products were obtained by preparative 
chromatography. Second, the individual isolated compounds were identified by 
tandem mass spectrometry (MS/MS), proton~ and in the case of the cyclic 
dimers, by elemental analysis. Tandem mass spectrometry proved to be a very vital 
identification technique in the initial stages. It provided not only molecular weight 
information but also helped in structure elucidation by collision fragmentation of 
the molecular ions. Elemental analysis and proton NMR provided additional 
support in structure assignment. 
Complete crystal structure information was obtained for the P AE-13 3 cyclic 
dimer by means of x-ray crystallography. The x-ray crystallography data were 
particularly useful in comparing the crystal structure with the structures generated 
by molecular modeling. Thus far, all attempts at crystallizing the PAE-133D 
cyclic dimer have failed. This may be due to the dioxy-linking group 
(-OCH2CH20-) which substantially increases the cyclic dimer's flexibility. 
Additionally, the thermal properties of the P AE-133 cyclic dimer were 
studied by means of Differential Scanning Calorimetery and Thermal Gravimeteric 
Analysis. David Eldridge has previously characterized the thermal properties of 
the oligomeric mixtures in our laboratories. 
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3.2 Chromatographic Separation of the Cyclic Compound 
3.2.1 Gel Permeation Chromatography 
The GPC utilized in this research consisted of a Viscotek Model 200 
differential refractometer- differential viscometer, a Scientific Systems Model 
222C HPLC pump, and an Alltech 500 mm x 22 mm I 00% divinyl benzene 
column with 5J..L porosity and IOO X pores. The column separated molecular 
species in the molecular weight range from IOO to 5,000 Da. HPLC- grade, 
inhibitor free, tetrahydrofuran (THF) was used as the mobile phase, and all 
samples were injected through a Rheodyne Model 7520 injector. The flow rate 
was set at 3.2 mL/ min, and the size of the injection loop was I mL. All data were 
recorded and manipulated using Viscotek Unical Software, Version 4.04. The 
analysis could be observed in real time on the computer screen as the run 
progressed. For the purposes of this research, the only chromatograms utilized 
were those from the differential refractometer. 
All sample solutions were prepared in HPLC-grade. inhibitor-free THF and 
had concentrations of about 3 mglml. Each sample was filtered twice through a 0.5 
J..liil disposable filter to remove dust and other large particles and was subsequently 
stored in a clean, dry scintillation vial until analysis. Almost all samples were 
analyzed within 24 hours of preparation. 
Gel permeation chromatography was used to analyze the composition of all 
reaction products. The relative concentration of each species and the general 
trends in the reaction product mixture were qualitatively studied by GPC. GPC 
chromatograms of all reaction products are given in Appendix A of Chapter 2. 
3.2.2 Preparative Gel Permeation Chromatography 
Preparative GPC was performed using the instrumentation and procedures 
already described above. The elution time of each peak was noted using a digital 
timer by monitoring the fluctuations in the peaks by the differential refractometer. 
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During the actual collection process, the detectors were disconnected from 
the GPC setup, and the samples were collected directly from the exit of the 
colwnn. The digital timer was activated as the sample was injected onto the 
colwnn. Solutions were collected at appropriate times into borosilicate-glass vials. 
After the first collection run, the isolated oligomer was re-run through the GPC 
system with the detectors in place. This ensured that each collected sample 
contained only the oligomeric species of interest. Figure 3.1 shows a 
representative overlay chromatogram of a reaction product mixture and the 
individual fractions isolated from the mixture. It can be seen that sufficient 
separation was achieved. 
CONCENTRATION CHROHAT CRAH 
s.ee 
4.ee ~--------------------------------------------------------
2.ee 
RET UOL 
Figure 3.1 Representative Overlay Chromatograms of Reaction 
Mixture and Isolated Fractions 
\ 
\. 
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After collection, all THF from the isolated fractions was evaporated. 
Initially, the sample vials were covered with a Kim-wipe™ and placed in a fume 
hood. All residual THF was removed in a vacuum oven. In some cases, enough 
material was recovered that it was possible to measure the mass of the collected 
oligomeric species. 
The isolated oligomeric fractions from preparative GPC were identified 
using tandem mass spectrometty. In some cases, THF oligomers were found to 
contaminate the isolated fraction. The results of the tandem mass spectrometery 
experiments are discussed in detail in Section 3.3.1 of this chapter. 
3.2.3 Preparative High Pressure Liquid Chromatography 
58 
Preparative high pressure liquid chromatography (HPLC) was performed on 
a Waters 244 system equipped with a UV absorption detector (254 run) using a 
Whatman Magnum 20 ODS-3 column. HPLC-grade acetonitrile (Fisher) was used 
as the mobile phase. The flow rate was set at 18 mL/~ and the size of the 
injection loop was 5 mL. 
All sample solutions were prepared in HPLC-grade acetonitrile with 
concentrations of about 10 mglm.L. Each sample was filtered through a 
0.5 J.U11 disposable filter before injection to remove dust and any insoluble 
material. In some cases. the reaction products were not readily soluble in 
acetonitrile. and low heat promoted dissolution. 
Preparative HPLC was used to purify the reaction mixtures and resulted in 
better separation than the preparative GPC. In fact, the PAE-133 cyclic dimer was 
crystallized from its preparative HPLC isolated fraction, since this fraction was 
very pure and highly concentrated. These crystals were later used in x-ray 
crystallography, proton ~ and elemental analysis as well as the thermal 
characterization. 
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3.3 Identification of the Cyclic Compounds 
3.3.1 Tandem Mass Spectrometry 
59 
Tandem mass spectrometry' can be used to obtain detailed structural 
infonnation on a compound. In our case, tandem mass spectrometry experiments 
in conjunction with electrospray ionization were conducted in the Department of 
Drug Metabolism at Merck Research Laboratories (West Poin~ PA) using a Sciex 
Model API III Triple Quadrupole Mass Spectrometer interfaced with a liquid 
chromatograph (LC) consisting of a Hewlett-Packard 1050 solvent delivery 
system. The mobile phase consisted of 50% acetonitrile- 50°/o methanol (v,v) 
containing 0.1% trifluoroacetic acid. Although we did not use the LC, the samples 
were mixed with the mobile phase as they were injected onto the mass 
spectrometer. Positive ions were sampled into the mass analyzer. Argon was used 
as the collision gas. 
All samples obtained from preparative GPC were prepared in HPLC-grade 
THF containing 0.1% trifluoroacetic acid ( v/v). The trifluoroacetic acid was added 
to aid in protonation of the analyte. 
Trinle Quadrupole Instruments 
The basic design of a triple quadrupole instrument used in tandem mass 
spectrometry studies is given in Figure 3.2. The instrument consists of a standard 
quadrupole mass filter (Q 1 ), a collision cell (Q2), and a second quadrupole mass 
filter (Q3). The first mass analyzer can be set to either scan for all mass values or 
to transmit a precursor ion of a specified mass value. In the second case, the 
precursor ion is then transmitted to the collision cell where it collides with an inert 
gas, and the second mass analyzer scans for the resulting product ions. 
The amount of fragmentation of the parent ion in the collision cell can be 
controlled by the collision gas, the collision energy, and the collision gas 
pressure3. The interpretation of the fragmentation pattern helps in the elucidation 
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of the structure of the precursor ion. Tandem mass spectrometry can be coupled 
with many different types of ionization techniques, such as thermospray4 or 
electrospra/. 
Collision Gas 
Ion Source Precursor Ion l Fragment Ion Detector Selection Selection ~~ 0'111 I 10 
'"' 
I I I I 
Q1 Q2 Q3 
Figure 3.2 Schematic Diagram of a Triple Quadrupole Analyzer 
System2 
Electrospray Ionization 
Electrospray ionization is especially suitable for thermally labile and 
in volatile samples6 . This technique is capable of producing intact molecular ions 
from large and complex molecules. In an impressive application of electrospray 
ionization, Fenn eta/. have obtained the mass spectra ofbiopolymers with 
molecular weights up to 130,0007• 
60 
The ionization is based on desorption of ions from very small droplets in 
response to a gas flow and electric field. An electric charge is applied to the 
spraying capillary to generate an electric field. The droplets undergo evaporation 
and desolvation as a result of this electric field. As these droplets evaporate, 
analyte ions migrate to the surface of the droplets. This migration causes the 
droplets to break down, and the analyte molecules then desorb into the gas phase. 
The desorbing ions can be cations or anions. The ions are driven towards an 
orifice leading to the mass spectrometer. 
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Figure 3.3, below, is a schematic of the electrospray process. 
--+ 
Uquid 
sample 
Cyllndr1cal 
etearode 
I 
. -
Drytng t 
gas 
IIIII 
Ill II ~ 
Skimmer 
First pumping Secand punplng 
atage ltaC18 
Figure 3.3 Schematic Representation of the Electrospray Process; 
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Mass spectra were obtained for the PAE-1330 cyclic dimer, tetramer, and 
hexamer, and the PAE-133 cyclic dimer and tetramer, as well as the isolated 
fractions of the side products from the cyclization reaction. In addition, a blank 
solution of THF combined with TF A was also analyzed. 
This analysis, initially, was very important in establishing the identity of the 
isolated fractions obtained from preparative GPC. However, we were unable to 
identify the side products formed in the cyclization reaction by mass spectrometry. 
The mass spectra of the side products contained only a few identifiable peaks (the 
fragmentation pattern did not indicate the presence of any products of reductive 
dehalogenation). 
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3.3.1.1 PAE-1330 Cvclic Oimer 
The precursor ion and product ion spectra of the PAE-1330 cyclic dimer 
are given in Figures 3.4 and 3.5, respectively. The proposed origins of the 
fragments are given in Table 3 .1. 
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Figure 3.5 Product Ion Spectrum of the PAE-1330 Cyclic Dimer 
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3.3.1.2 PAE-1330 Cvclic Tetramer 
The precursor and product ion spectra of the PAE-1330 cyclic tetramer are 
given in Figures 3.6 and 3.7, respectively. The proposed origins of the fragments 
are given in Table 3.2. 
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Figure 3.6 Precursor Ion Spectrum of the PAE-1330 Cyclic Tetramer 
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Figure 3.7 Product Ion Spectrum of the PAE-1330 Cyclic Tetramer 
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Structure of Fragment 
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Table 3.2 Proposed Structures of Fragments for the PAE-133D Cyclic 
Tetramer 
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3.3.1.3 PAE-1330 Cvclic Hexamer 
The precursor and product ion spectra of the PAE-1330 cyclic hexamer are 
given in Figures 3.8 and 3.9, respectively. The proposed origins of the fragments 
are given in Table 3.3. 
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Figure 3.8 Precursor Ion Spectrum of the PAE-1330 Cyclic Hexamer 
11111 
; ~ TT TIT ae.o ·rr I 
.. lCD I Ia 
- - - - - -
liD 
-
-~ ... l I t ~ 
IIIII 
-
1111 TID IIIII 
-
IIIII 
-
1111111 
·- -~ ~-· f: l i 
IIIII 1110 
- - -
1811 ~-
·-
IIIII 
·-
IIIII 
Figure 3.9 Product Ion Spectrum of the PAE-1330 Cyclic Hexamer 
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Structure of Fragment 
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Table 3.3 Proposed Structures of Fragments for the PAE-1330 Cyclic 
Hexamer 
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3.3.1.4 PAE-133 Cvclic Dimer 
The precursor and product ion spectra of the PAE-133 cyclic dirner are 
given in Figures 3.10 and 3.11, respectively. The proposed origins of the 
fragments are given in Table 3.4. 
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Figure 3.10 Precursor Ion Spectrum of the PAE-133 Cyclic Dimer 
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3.3.1.5 PAE-133 Cvclic Tetramer 
The precursor and product ion spectra of the PAE-133 cyclic tetramer are 
given in Figures 3.12 and 3.13, respectively. The proposed origins of the 
fragments are given in Table 3.5. 
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Figure 3.12 Precursor Ion Spectrum of the PAE-133 Cyclic Tetramer 
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Table 3.5 Proposed Structures of Fragments for the PAE-133 Cyclic 
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In the above product-ion spectr~ the fragments were pieced together to 
elucidate the cyclic structures. It appears that fragmentation of the protonated 
molecular ion, [M+Hr, of these cyclic oligomers occurs predominantly through 
cleavage at the ether linkage. Since mass spectrometry detects only ionic species, 
only charged fragments of the molecular or protonated molecular ion are 
observed8. Doubly protonated intact molecular ions can be seen in some spectra 
and lead to a peak at ([M+2Hr2/2) ion. The 484 m/z peak in the PAE-133 cyclic 
tetramer product ion spectrum is probably such a peak. 
In most cases, the precursor-ion spectra show many unidentifiable peaks. 
Possible contributors to these peaks are adducts with the solvent, and any other 
additives present in the solvent. Other high molecular weight impurities may be a 
result of the polymerization of the THF9 in the presence of a strong acid, solvent 
cluster ions, or the rearrangement ofTHF fragments. Detter et a/. 10 have found 
that many different types of reactions can take place in desorption ionization such 
as electrospray. 
Adducts of the molecular ion with trace amounts of inorganic salt 
contaminants such as alkali salts (Na-) were observed in the PAE-133D cyclic 
tetramer, hexamer and the P AE-133 cyclic tetramer precursor-ion spectra. The 
amount of adduct depends on sample purity as well as the analyte concentration 
within the solvent matrix11 •12• Other researchers have reported that matrix effects 
associated with the solvent can be large13. The amount of chemical noise is also 
found to be temperature dependent14• As the temperature increases, the amount of 
cluster ions decreases and the abundance of protonated molecular ions increases. 
Thin-layer chromatography studies in our laboratories15suggested that 
impurities were formed in the inhibitor-free THF used in the preparative GPC 
work. These impurities may have been one or more peroxides from THF16,and 
they either remained with the isolated fractions or formed after the separation. 
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Solvent mass spectra greatly simplified the identification of the other peaks 
in the samples. All peaks that were known to originate from the solvent system 
were eliminated from consideration. Solvent mass spectra are given in Appendix 
A. 
3.3.2 Elemental Analvsis 
Oneida Research Services. Inc .• determined the carbon. hydrogen and 
nitrogen contents using a CEC Model 240-A CHN Analyzer. Quality control 
checks were performed with each run. The absolute accuracy of results was within 
0.3% for each element. Oxygen content was determined by difference. 
3.3.2.1 PAE-1330 Cvclic Dimer 
Table 3.6. below. gives a comparison of the theoretical and experimental 
carbon. hydrogen. nitrogen and oxygen contents(%) of the PAE-1330 cyclic 
dimer. 
Element Theoretical (%) Experimental (%,) 
c 77.26 76.82 
H 4.58 4.61 
N 0 0.10 
0 18.16 18.47 
Table 3.6 Elemental Analysis of PAE-1330 Cyclic Dimer 
3.3.2.2 PAE-133 Cyclic Dimer 
Table 3.7. below. gives a comparison of the theoretical and experimental 
carbon. hydrogen, nitrogen and oxygen contents(%) ofthe PAE-133 cyclic dimer. 
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Element Theoretical (%) Experimental (% 1 
c 82.14 82.37 
H 4.59 4.64 
N 0 0 
0 13.27 12.99 
Table 3. 7 Elemental Analysis of P AE-133 Cyclic Dimer 
3.3.3 Proton ct HlNMR 
1-D 1H NMR spectra were recorded on a General Electric QE-300 
Multinuclear NMR Spectrometer at room temperature with TMS as an internal 
standard. Two sets of spectra were collected; one in deuterated chloroform and the 
other in deuterated THF. 
The spectra were consistent with cyclic structures, since no end groups 
associated with linear oligomers (such as a hydroxyl proton) were detectable. In 
particular, the phenolic proton, usually a sharp singlet and found downfield17, was 
not observed. Because in each case the aromatic region of the spectrum was 
comple~ the spectra of the monomers were taken to assist in assignment 
The methylene linkage in the PAE-133 cyclic dimer exhibits a resonance 
peak at 53.9, whereas the protons of the dioxy linkage (-OCH2CH20-) in the PAE-
1330 cyclic dimer and cyclic tetramer exhibit a resonance peak at 54.3. Complete 
assignment of resonance peaks in the aromatic region was not possible. However, 
for both cyclic dimers, the number of resonance peaks equals the number of 
different types of protons in both solvents. The proton NMR spectrum of the 
PAE-1330 cyclic tetramer, on the other hand, exhibits many resonances. Although 
the structure is symmetric, it may be possible that with a molecule this large, the 
phenyl protons are in dissimilar chemical environments. Conversely, the cyclic 
tetramer may adopt an asymmetrical conformation in solution. All NMR spectra 
are given in Appendix B. 
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3.4 Thermal Characterization of the PAE-133 Cyclic Dimer and Tetramer 
3.4.1 Differential Scanning Calorimeterv fDSC) 
Differential Scanning Calorirnetery was performed using a Perkin-Elmer 
DSC-7 instrument. All data were recorded and manipulated using Perkin-Elmer 
Thermal Analysis Software, Version 3.00. All samples were dried at 150°C under 
vacuum before the DSC analysis was performed. About 5 mg of sample was 
placed in an aluminwn pan. The reference was an empty aluminwn pan. The 
heating rate was set at 5°C/min. First-order endothermic transitions were read at 
the maxima of the peaks in the DSC scans below. Heats of melting were calculated 
by integrating under the appropriate peak 
DSC thermograms for the P AE-133 cyclic dimer and cyclic tetramer are 
given in Figures 3.14 and 3.15, respectively. 
x-axis: temperature (°C) 
y-a.xis: beat flow (mW). 
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Figure 3.14 DSC Thermogram of PAE-133 Cyclic Dimer 
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x-axis: temperature (°C) 
y-axis: heat flow (mW). 
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Figure 3.15 DSC Thermogram ofPAE-133 Cyclic Dimer 
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30ri. 0 
Name Melting Point (°C) Heat of Meltin_gJLlH in J/2) 
P:\E-133 Cyclic Dimer 326.7 106 
PAE-133 Cyclic Tetramer 290 61 
Table 3.8 Melting Point and Heat of Melting for PAE-133 Cyclic 
Dimer and Cyclic Tetramer 
Although the individual cyclic dimer and tetrarner each have a high melting 
point, the oligomer mixtures were found to melt at low temperatures15• This 
feature of these arylene ether systems makes them especially attractive as low 
viscosity, low melting cyclic precursors to high molecular weight polymer. 
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3.4.2 Thermal Gravimeteric Analvsis (TGAl 
The thermal stability of the PAE-133 cyclic dimer was studied using a 
Shimaclzu TGA-50H apparatus. Data were collected by a Shimaclzu Thermal 
Analyzer T A-50 I apparatus connected to a computer. All data processing was 
done using the T ASystem software. The sample was placed inside a platinum pan 
and was heated to 600°C at a heating rate of 5°C/ min. Dry airflow was set at 20 
mllmin. 
TGA 
mgr----------------------------------------------------------5.00 
0.00 200.00 
\ 
400.00 
Telllp(C] 
Figure 3.16 TGA ofPAE-133 Cyclic Dimer 
600.00 
The TGA for the PAE-133 cyclic dirner shows a mass loss occurring in 
two stages. The first mass loss begins at 278°C and appears to be caused by 
evaporation of solvent still trapped in the cyclic dirner. This phenomenon has also 
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been seen by David Eldridge in our laboratories15• It appears that the cyclic 
oligomers were retaining solvent despite drying at high temperatures in vacuo. In 
an attempt to further understand why, Eldridge monitored the change in mass for a 
number of cyclic oligomers (isomers of the compound under consideration here) 
as the samples were heated to 200°C and than cooled back to room temperature. 
He observed that the samples lost considerable mass upon heating but regained it 
rapidly (within 30 minutes) upon cooling to room temperature. These observations 
led him to believe that the cyclic oligomers were absorbing water from the 
atmosphere and are, therefore, extremely hygroscopic. Similar behavior has been 
seen in some calixarenes. Gutsche et a/. 18 have shown that p-tert-
butylcalix[ 4 ]arene retains its crystallization solvent with such tenacity that even 
heating at high temperatures under vacuum cannot remove the residual solvent 
The second mass loss for the PAE-133 cyclic dimer was observed at 426°C 
and continued until the sample was consumed. Therefore, degradation of the cyclic 
dimer begins at 426°C under air. 
3.5 Structural Characterization of the P AE-133 Cyclic Dimer 
3.5.1 X-ray Crystallography 
Single crystals ofPAE-133 cyclic dimer were obtained from a solution in 
acetonitrile. A supersaturated solution was heated and slowly cooled overnight to 
obtain crystals suitable for crystallographic study. The approximate dimensions of 
the crystals were 0.28 x 0.22 x 0.46 mm. 
3.5.1.1 Instrumentation and Structure Determination 
X-ray diffraction data were collected in the Department of Chemistry at 
The University of Virginia on a Rigaku AFC6s diffractometer at -11 0°C using 
MoKa radiation (A.= 0.71069). Calculations were performed on a Vaxstation 3520 
computer by using TEXSAN 5.0 software19 and in the later stages on a Silicon 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
80 
Graphics Indigo 2 Extreme computer with the teXsan 1.7 package20• Unit-cell 
dimensions were determined by applying the setting angles of 25 high-angle 
reflections. Three standard reflections were monitored during the data collection, 
showing no significant variance. The structure was solved by direct methods in 
SIR8821 • Full matrix least-squares refinement was carried out with anisotropic 
thermal displacement parameters for all non-hydrogen atoms. The hydrogen atoms 
were found in difference Fourier and included in the calculations without further 
refinement. The final difference map was featureless with the highest peak of 
0.25e/A3. 
The positional parameters, bond lengths, bond angles, and torsion angles 
are given in Appendix C. 
The crystal structure of the P AE-13 3 cyclic dimer is given in Figure 3 .17. It 
can be seen from this structure that the cyclic dimer' s cavity remains intact within 
the crystal. 
The molecular packing of the P AE-133 cyclic dimer in a unit cell can be 
seen in Figure 3.19. The space group P21/c describes the arrangement of the 
cyclic dimer molecules in the unit cell. It appears that the molecules are stacked 
one on top of the other thus creating channels from the rigid cavities of the cyclic 
dimer. Molecular channels in the three-dimensional crystal lattice of cyclic 
molecules are important because they can be used as molecular filtration devices22 
or as solid supports for metal catalysts23• Many examples of such inorganic 
systems can be found and include zeolites and metallosilicates. 
*** X-ray crystallography and structure determination was performed by Dr. Michael Sabat at 
The University of Virginia. 
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3.5.1.2 Crystallographic Data 
Empirical Formula C33Hn04 
Formula Weight 482.53 
Crystal Color and Habit Colorless needle 
Crystal Dimensions 0.28 X 0.22 X 0.46 nun 
Crystal System Monoclinic 
Lattice Parameter, a= 10.369(3) A 
Lattice Parameter, b = 12.007(4) A 
Lattice Parameter, c = 19.701(6) A 
Lattice Parameter, J3 = 95.60(3t 
Lattice Parameter, V = 2441(2) 
Space Group P21/c(No.14) 
z 4 
Deale l.31gcm-3 
Radiation MoKa (A.= 0.71069 A) 
Temperature -ll0°C 
29max 46° 
Number of reflections Total: 3812 
measured Unique: 3578(~nt = 0.032) 
Number of Variables 335 
Residuals R; RW 0.049; 0.063 
Goodness of Fit 1.64 
Table 3.9 Crystallographic Data for the P AE-133 Cyclic Dimer 
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Figure 3.17 Crystal Structure of the P AE-133 Cyclic Dimer 
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Figure 3.18 View Along the Two-fold Axis of the PAE-133 Cyclic Dimer 
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Figure 3.19 Molecular Packing of the PAE-133 Cyclic Dimer 
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APPENDIX A 
Solvent Mass Spectra 
The mass spectrum of the blank sample containing only THF-0.1% 
trifluoroacetic acid contained a nwnber of Wlidentifiable peaks. The product ion 
spectra of the most predominant peaks are given below. 
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Product Ion Profile 
Precursor Ion: 391 
Product Ion Profile 
Precursor Ion: 221 
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APPENDIXB 
Proton NMR Spectra 
I ,3-bis( 4-tluorobenzoyl)benzene (1,3-FBB) 
Solvent: deuterated THF 
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3,3'-(ethylene dioxy)diphenol (3-EDD) 
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3,3'-(hydroxyphenyl)methane (3-HPM) 
Solvent: deuterated THF 
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PAE-1330 Cyclic Tetramer 
Solvent: deuterated THF 
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PAE-133 Cyclic Dimer 
Solvent: deuterated THF 
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PAE-1330 Cyclic Dimer 
Solvent: deuterated chloroform 
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APPENDIXC 
CRYSTAL STRUCTURE DATA 
Positional Parameters for the PAE-133 Cvclic Dimer 
a com X y 
0(1) 0.6688(3) 0.7069(2) 0.6638(1) 
0(2) 0.9477(3) 0.8211(3) 0.3721(2) 
0(3) 0.7047(3) 0.3802(2) 0.2400(1) 
0(4) 0.5135(3) 0.2218(3) 0.5625(2) 
c (~) 0.7145(4) 0.6518(4) 0.6194(2) 
C(2) 0.8193(4) 0.6992(3) 0.5823(2) 
c (3) 0.9187(4) 0.7586(4) 0.6185(2) 
C(4) 1.0170(4) 0.8069(4) 0.5849(2) 
C(5) 1.0151(4) 0.7981(3) 0.5150(2) 
C(6) 0. 9153 ( 4). 0.7386(3) 0.4776(2) 
C(7) 0.8177(4) 0.6894(3) 0.5110(2) 
C(8) 0.9098(4) 0.7387(4) 0.4010(2) 
C(9) 0.8573(4) 0.6408(3) 0.3613(2) 
C(10) 0.8022(4) 0.6574(4) 0.2948(2) 
C(11) 0.7527(4) 0.5695(4) 0.2555(2} 
C(l2) 0.7598(4) 0.4620{4) 0.2819(2) 
C(13) 0.8174(4) 0.4427(3) 0.3476(2} 
C(14) 0.8655(4) 0.5323(4) 0.3876(2) 
C(15) 0.7326(4) 0.2678(4) 0.2565(2) 
c (16) 0.8383(4) 0.2198(4) 0.2313(2) 
C(17) 0.8587(4) 0.1063(4) 0.2427(2) 
C(18) 0.7760(4) 0.0455(4) 0.2802(2) 
C(19) 0.6696(4) 0.0959(4) 0.3060(2) 
C(20) 0.6480(4) 0.2082(4) 0.2929(2) 
C(21) 0.5833(4) 0.0300(4) 0.3483(2) 
C(22) 0.6192(4) 0.0497(4) 0.4242(2) 
C(23) 0.7177(4) -0.0104(3) 0.4602(2) 
C(24) 0.7495(4) 0.0068(4) 0.5297(2) 
C(25) 0.6822(4) 0.0844(4) 0.5634(2) 
c (26) 0.5864(4) 0.1443(4) 0.5284(2) 
C(27) 0.5508(4) 0.1291(3) 0.4591(2) 
C(28) 0.5689(4) 0.3254(4) 0.5741(2) 
C(29) 0.5006(4) 0.3987(4) 0.6122(2) 
C(30) 0.5482(4) 0.5028(4) 0.6259(2) 
c (31) 0.6626(4) 0.5389(4) 0.6015(2) 
C(32) 0.7319(4) 0.4634(4) 0.5649(2) 
C(33) 0.6845(4) 0.3568(3) 0.5505(2) 
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94 
Bond Lengths CAl for the PAE-133 Cvclic Dimer 
0 (1) c ( 1) 1.228 (5) c (13) C(14) 1.397(6) 
0(2) c (8) 1.224(5) C(15) C(16) 1.373 (6) 
0(3) C(12l 1.371(5) C(lS) C(20) 1.385(6) 
0 (3) C(15) 1. 412 (5) c (16) C(17) 1.395 (6) 
0(4} C(26) 1.410(5) C(17) C(18) 1.391(6} 
0(4) C(28) 1.380(5) C(l8) C(19) 1.396(6) 
c (1) c (2) 1.482 (6) C(19) C(20l 1.387(6) 
c ( 1) c (31) 1.488 (6) C(19) c (21) 1.506(6) 
C(2} c (3) 1.391(6) c (21) C(22) 1.523(6) 
C(2) C(7) 1.407(6) C(22) C(23) 1.388(6) 
c (3) c (4) 1.394(6) CC22) C(27) 1.407(6) 
C(4) c (5) 1.380(6} C(23) C(24) 1.392(6) 
c ( 5) c (6) 1.406(6) c (24) C(25) 1.373 (6) 
C(6) c (7) 1.391(5) C(25) C(26) 1.360(6) 
c ( 6) c (8) 1.504(6) c (26) C(27) 1.391(6) 
c ( 8) c (9) 1.486(6) c ( 28) C(29) 1.395(6) 
c ( 9) c (10) 1.392 (6) c (28) C(33) 1.379(6) 
C(9) c (14) . 1.400 (6) C(29) C(30) 1.361(6) 
C(10) c (11) 1.379(6) c (30) c (31) 1.392(6) 
C(11) C(12) 1.391(6) c ( 31) C(32l 1.400(6) 
C(12) .c (13) 1.390(6) C(32) C(33) 1.390(6) 
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95 
Bond Angles (degrees) for the PAE-133 Cvclic Dimer 
C(12l 0(3) C(15) 118.8(3) CC12) CCl3l C(Ul 119.6(4) 
CC26) 0(4) CC28l 116.1(3) C(9l CC14~ C(l3l 120.1141 
OC11 C(1) CC21 119.9(41 0(31 C(1:J C(161 118.1(4) 
0(11 CC1l CC311 120.3(41 0(31 CClSl Ct201 119.2(4) 
CC21 C[1) C(311 119.9(4) C(l.61 CC1:J C(201 122.6(4) 
C:C11 CC2) CC3) 119.1(4) C:C151 CC16) CCl71 117.8(4) 
C(ll CC2l C(7) 121.5(4) Cll.61 Cl1i) Ctl81 120.4141 
CC31 CC2l C(7) 11.9.4(4} C(l.7) C(18) C(l9) 121.1(4) 
C(2) C(3) CC4l 120.6(4) C(18) CC19l Ct201 118.2(4) 
C:C3l CC4) CC5l 120.1(4) C(18) CC19l CC21l 120.5(4) 
C:C41 C(5) c (6) 120.0(4) C(20) C(191 CC21) 121.3 (4) 
CC51 C(6) C(7) 120.0(41 CC15) C(20l CC19) 120.0(4) 
CC5l CC6) C(8) ll.8.6(4) C(l91 CC2ll C(22l 111.2(4) 
C(7i CC61 CC8) 121.1(41 CC21l CC221 C(231 121.2 (4) 
C(2) C(7) C(6) 119.9(4) C(2ll CC221 C(27} 119.8(4) 
0(21 C(8) C(6) 119.0(4) C(23) CC22l CC27l 119.0(4) 
0(21 CC8) CC9) 120.8(4) CC22l CC23l C(24) 121.1(4) 
C(6) C(8) C(9) 120.2(4) CC23l CC24l CC25l 119.6(4) 
C(8) C(9) C(101 118.5(4) CC24l C(25J Cl26) 119.6(4) 
CC8l CC9l C(l41 122.4(4) 0(41 C(26! C(25! 120.4 (41 
C:(10) C:(9) CC14l 119.1(4) 0(4) C(261 CC27l 116.8(4) 
C(9) C(10) CClll 121.0(4) C(25l C(26: Ct27) 122.7(4) 
C(10! C(11) CCl2) 119.8(4) CC22l CC271 CC261 118.0(4) 
0(31 CC12) CClll 115.8(4) 0(4) CC28i C:C29J 115.6 (3) 
0(31 CC12l CC131 123.8(41 0(4) CC28J CCJ3J 123.6(41 
CC111 CC12l C(131 120.4(4) CC291 C(281 C:(33) 120.8(4) 
CC281 CC29l C(30) 119.5(41 
CC31l C(321 C(331 120.8(41 
C(291 C(30) C(31) 121.5(4) 
CC2Bl C:(331 C(321 119.0(41 C(ll C(31l C(301 120.2(41 
C:C1l C(31l CC321 121.4(4) 
C:C301 C(31l C:(32) 118.3(4) 
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Torsion Angles (degrees) for the PAE-133 Cvclic Dimer 
(ll (2) (3) (4) angle (1) (2) (3) (4) .u:gle 
O(ll CC1l C(2) C(3) 41.7(6) C:(3) CC2l C!7l CC6l .J ( 6) 
O(ll C(1l C(2) C(7) -135.5 (4) C:!3) C!41 C(Sl CC6l -1.1(6) 
0(11 C(1) C(3l)CC30J n.3C6l C:(4) CC3l C(2) C(7l -.8 (6) 
0(11 C(1l C(3l)C(32l -163.3(4) C:!4l CCSl CC6l CC7l .6(6) 
0(2) C(8) C(6) C(Sl -31.9 (6) C:!41 CCSl C!6l C!8l 1i4.9!41 
0(2) C(8) C(6) C!7l 142.3 (4) CIS I C(6l C!8l C!9l 149.1!41 
0(2) C(8) C(9) C(10l -26.1(6) C:(6) CC8l CC9l C(10l 152.9(4) 
0(21 C(81 CC9l C(14l 151..5(4) C:(61 C(8) C(9) C(14l -29.4(6) 
0(3) C(l.2) C (lll C !101 178.1(4) C:(7) C(2) CC1l C(31l 42.9(6) 
0(3) C(l2)C(13 lCC14l -176.9(41 C:(i) C(6) C[8) CC9l -36.7[6) 
0 [3) C[15)C[16)C[l7l -174.5[41 C:[8) CC9l CC10lCC11l 1i9.6(4) 
0 (31 C ClSl C (20 l C (191 176.1(4) C:(8) C(9) CC141C(13l -178.4(4) 
0(41 c (26) c (25) c (241 178.0(41 C:(9) C(10lCClllC(12l -1.2 (6) 
0(41 CC26)C(27)C(22l -178.0(31 C:(9) C(14IC(13)C(12l -1.0 (6) 
0(41 C(28)C(29)C(30) -179.8(4) C:(101C(9) C(14)C(l3) -.7(6) 
0(4) C(28)C(33)C(321 179.8(41 C:C10)C(11)C(12)C(l3l -. 6 ( 6) 
CC1l C(2) C(31 C(4l -178.2(4) C:ClllC(10)C(9) CC14l 1.9 (6) 
C(1) C(2) C(7) C(6) 177.6(4) C:(111C(1210C3l C(lSl 16cL1(4) 
CC11 C(3lJC(30)C(291 -177.8(41 C:(1llCC12lCC13lC(l4l 1. 7 (6) 
C(11 c (311 c (32 l c (33 I 177.7 (41 C:(l210(3J CClSICC16l -89.3(5) 
CC21 C(ll C(31JC(JOJ -167.1(41 C:(l2l0(31 C: C lSI C C 2 0 l 95.4(5) 
C(2J C(1) C(31)CC32J 18.2(6) C:Cl31C(12lO(JJ CC151 -15.3(6) 
C(2J C(3) C(41 C(SJ l.J (6) C:C1SlC(16lC(l7JC(181 -1.8 (7) 
C(2J C(7) C(6) C(Sl -.2(6) C:(lSIC(20ICCl9lC(18l -1.6 (6) 
C(2) C(71 CC6) C(Bl -174.3(4) C:ClSICC20lCCl9ICC2ll 176.9(4) 
CC31 CC21 C(1l C(311 -139.8 (41 C:(16lC(15lCC20lC(19l 1.0(7) 
CC16)C(17lCCl8)C(191 l.J (7) 
C(17)C(l6lC(15JC(201 .7(7) 
C(l7)C(18lC(19)C(20l .4(6) 
C(l7)C(l8JC(19)C(2ll -178.0(41 
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Torsion Angles (degrees) for the PAE-133 Cvclic Dimer 
(contd.) 
CCl81CCl91C(2lJC(221 98.2(51 
CCl91CC2liCC22)C(231 -84.3(5) 
CCl91CC2liCC22JCC271 96.5(5) 
C(20)C(l9JCC2lJC(221 -80.2(51 
CC2liC(221CC231CC241 -179.3(41 
C(2liCC221CC27JCC261 179.9C41 
CC221CC231CC24JCC25) .2CEi) 
CC22JCC27)CC26JCC251 
-1.3 CEil 
CC23JCC22JCC27JCC26) .6(6) 
CC231CC241CC251CC2Eil 
-.8C61 
CC241CC231CC221CC27l 
-.lC6J 
CC241C(251CC26JC(27J 1.4 CEil 
CC251CC2EiiOC41 C(281 82.5(51 
CC2Ei)0(4) CC281CC291 -175.4(4) 
C(2Ei)0(41 
. 
C(281CC331 4.2 CEil 
CC27JCC26JOC41 C(281 
-100.8(41 
C(281C(291C(301CC3ll 1.2 (71 
C(281CC331C(321C(3ll 
-1.2(71 
C(291CC281CC331CC321 
-.6(71 
C(291CC301CC311CC321 
-3.0 CEil 
C(30)C(291CC281CC331 
.Ei(7J 
C(30JC(31JC(321CC33l 2.9(Eil 
The sign is positive if when looking f:om atom to atom 3 a 
clockwise motion of atom l would supe:impose it on &tom 4. 
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CHAPTER IV 
KINETICS OF CYCLIZATION OF ARYLENE ETHER 
OLIGOMERS 
4.1 Introduction 
98 
Chemical kinetics have often been applied to the optimization of organic 
syntheses 1• These studies attempt to determine in detail what happens during the 
reaction. In general, the time dependence of product and reactant concentrations is 
monitored by measuring some quantity that is a function of the concentration of 
the compounds under consideration. Many techniques of concentration 
measurement are available. Examples include measurement of electrolytic 
conductance, electron spin resonance, and nuclear magnetic resonance2. Recently, 
improved techniques in tandem mass spectrometry provide methods for the 
quantitative analysis of complex mixtures3-5• 
The goal of this study was to further understand the cyclization reaction of 
1,3-bis(4-fluorobenzoyl)benzene (1,3-FBB) with 3,3'-(ethylene dioxy)diphenol 
(3-EDD) and 3,3'-bis(hydroxyphenyl)methane (3-HPM). We have attempted to 
learn how we can most efficiently promote the formation of the cyclic species. The 
objective here was not to determine a single rate constant but rather to understand 
the effects of various factors on the rate constants. Selected reaction monitoring 
(SRM) was employed to detect the change in concentration of the monomers, 
cyclic dimers and linear trimers as the reaction proceeded. By monitoring the 
change in concentration of the cyclic dimer versus that of the 1,3-FBB capped 
linear trimer, we hoped to determine the rate of cyclization compared to linear 
propagation. This information could then be applied to control the course of the 
reaction. 
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4.1.1 Selected Reaction Monitoring 
Selected reaction monitoring (SRM) using tandem mass spectrometry is a 
sensitive analytical technique. In SRM the components in a mixture can first be 
separated by liquid chromatography. The chromatographic efiluent is injected 
directly into a tandem mass spectrometer (described in Chapter 3, above) for 
analysis of a single analyte species from the reaction mixture. The mass 
spectrometer monitors the chromatographic effluent for a specific fragmentation 
transition (m1• 7 m2T) characteristic of the analyte under consideration. The first 
quadrupole is set to transmit the appropriate precursor ion (m1 T), the third 
quadrupole is set to transmit the appropriate product ion (m2 T) and the second 
quadrupole is used for collision fragmentation12• In the process, interferences 
from solvent, impurities, and starting materials are completely remove<L even in 
the absence of prior sample purification6• 
SRM has the advantage of reducing chemical noise in the mass spectra. It 
permits the detection of low concentrations at the nanogram levels and has 
therefore appropriately been applied to the quantitative analysis of a number of 
compounds of biomedical importance. Haroldsen eta/. 7 have used SRM for the 
quantitative determination of platelet activating factor (P AF). SRM has also been 
used to quantify synthetic cysteine-containing leukotriene (L T) standards8• 
SRM is a particularly suitable analytical technique for the study of the 
condensation reactions under consideration here. Although these reactions led to 
many different products (such as linear and cyclic oligomers and in some cases, 
high polymer), no sample purification was required. SRM can be highly selective 
by monitoring ions of a given mass which have been formed by collision induced 
fragmentation. 
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4.1.2 Methodology 
In this study, four reactions were studied. Table 4.1, below, lists the 
reaction conditions. 
100 
Reactions A and B compared the effect of the solvent (NMP versus 
DMAc) on the condensation of 1,3-bis(4-fluorobenzoyl)benzene (1,3-FBB) with 
3,3'- bis(hydroxyphenyl)methane (3-HPM). Similarly, Reaction C and D 
compared the effect of the solvent on the condensation of 1,3-bis( 4-
fluorobenzoyl)benzene (1,3-FBB) with 3,3'-(ethylene d.ioxy)d.iphenol (3-EDD). 
We also hoped to compare the results of reactions A and C as well as B and D to 
detennine the effect of the molecular characteristics of the bisphenol on relative 
reaction rates of cyclization versus linear propagation. 
Reaction Bisphenol Solvent Concentration Cation 
(% soUds) with C032-
A 3-HPM NMP 3 KT 
8 3-HPM DMAc 3 K-
c 3-EDD NMP 3 K-
D 3-EDD DMAc 3 K-
Table 4.1 Reaction Conditions for Kinetic Study 
For each reaction, samples were collected at set time intervals over a 60-
hour period. The concentrations of 1,3-FBB, the appropriate cyclic dimer and the 
1,3-FBB capped linear trimer were determined for each sample by selected 
reaction monitoring. The fragmentation transitions (m1 • 7 m2 ·) monitored in each 
reaction are given in Table 4.2, below. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
101 
Reaction Monomer Cyclic Dimer Linear Trimer 
A 323~123 483~105 806~227 
8 323~123 483~105 806~227 
c 323~123 529~317 852~227 
D 323~123 529~317 852~227 
Table 4.2 SRM Fragmentation Transitions 
The structures of the molecular and fragment ions for the cyclic dimer are 
given in Chapter 3, and those for the monomer and linear trimer are given in 
Appendix A. 
4.2 Experimental 
4.2.1 Materials 
Dimethyl acetamide (DMAc) and N-methyl-2-pyrrolidinone (NMP) were 
purchased from Aldrich. Toluene was used as received from Fisher. Anhydrous 
potassium carbonate and anthracene were used as obtained from Fisher. 
3,3' -(Ethylenedioxy)diphenol (Aldrich) was recrystallized from toluene 
prior to use. 1,3-Bis( 4-fluorobenzoyl)benzene was obtained from NASA Langley 
Research Center and was recrystallized from toluene. 3,3'- Bis(hydroxyphenyl) 
methane was purchased from Synmet, Inc. (Memphis, TN) and was subsequently 
recrystallized from toluene. 
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4.2.2 Preparation of 1,3-FBB Capped Linear Trimers 
Two linear trimers were synthesized as described next. Structures and 
acronyms of the trimers are illustrated in Table 4.3. 
Acronym Structure 
1330-FBB 
0 0 
0 0 
133-FBB 
0 0 
I I 
F~v 
Table 4.3 Structures and Acronyms of 1,3-FBB Capped Linear Trimers 
102 
The synthetic scheme for the preparation of the FBB capped linear trimers 
is given below. 
R = -C~- or ...QC~C~O-
Figure 4.1 Reaction Schematic for the Synthesis of 1,3-FBB Capped 
Linear Trimers 
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4.2.2.1 Svnthesis of 1330-FBB Linear Trimer 
4.025g (0.0125 mol) of 1,3-bis(4-fluorobenzoyl)benzene and 1.5g (0.01 
moles) of anhydrous potassium carbonate were refluxed in 15 mL of a 
DMAc/toluene (70/30, v/v) mixture in a three-necked, 250-mL, round-bottom flask 
fitted with a nitrogen inlet, thermometer and Dean-Stark trap. 0.3078g (0.00 125 
mol) of3,3'-(ethylene dioxy)diphenol was dissolved in 5mL ofD~lAc, and this 
solution was added dropwise to the refliLxing 1,3-FBB solution over a 1 y; hour 
period. Water, the by-product of this reaction, was removed by the Dean-Stark 
trap. The reaction mixture was refluxed for an additional ~ hour after all the 3-
ED D solution had been added. The reaction mixture was cooled to room 
temperature and poured into an aqueous acid solution. The resulting white 
precipitate was filtered, washed with water to remove all residual salts and dried in 
a vacuwn oven for 2 hours. 
The GPC profile of the reaction product is given in Figure 4.2. 
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Figure 4.2 GPC Profile of the Reaction Product from the Synthesis of 
the 1330-FBB Linear Trimer 
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4.2.2.2 Svnthesis of 133-FBB Linear Trimer 
The procedure for this synt.'tesis is identical to the one above with 4.025g 
(0.0125 mol) of 1,3-bis(4-fluorobenzoyl)benzene, 1.5g (0.01 mol) of anhydrous 
potassium carbonate and (0.00125 mol) of3,3'-bis(hydroxyphenyl) methane. 
The GPC profile of the reaction product is given in Figure 4.3. 
CONCENTRATION CHR1H TOCRAH 
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• 888 +----------------__.1 
Figure 4.3 GPC Profile of the Reaction Product from the Synthesis of 
the 133-FBB Linear Trimer 
4.2.2.3 Purification of the Linear Trimers 
\ 
\ 
Each of the above reactions yielded a mixture of linear trimer, linear 
pentamer and mostly unreacted monomer. Each linear trimer was separated from 
the monomer and linear pentamer by preparative HPLC. The details of the 
preparative HPLC work are given in Chapter 3. 
The isolated linear trimer fractions were dried under vacuwn to constant 
weight. 
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4.2.3 Cyclization reactions 
The following is a representative procedure: 
0.805g (0.0025 mol) of 1,3-bis(4-tluorobenzoyl)benzene (1,3-FBB) was 
allowed to react with 0.6156g (0.0025 mol) of3,3'-(ethylene dioxy)diphenol (3-
EDD) and an excess ofK2C03 in an NMP/toluene (70/30, v/v) mixture. 0.4125g 
(0.0025 mol) anthracene was added as an internal standard. 
The overall setup consisted of a 250-mL round-bottom flask equipped with 
a nitrogen inlet, thermometer, Dean-Stark trap and a septum-protected syringe 
port. Nitrogen was charged through the system for a half hour before the reaction 
was started. The 1,3-FBB and anthracene were dissolved in 25 mL ofNMP and 30 
mL of toluene and then transferred to the round-bottom flask along with the 
K2C03• The temperature was slowly raised to 155°C. The 3-EDD was dissolved 
in 30 mL ofNMP and heated beforehand to ensure that the reactants, once mixed, 
had a constant temperature in the shortest interval possible after the start of the 
reaction. A digital timer was started upon the addition of the 3-EDD solution to the 
reaction vessel. The reaction mixture was stirred constantly by means of a 
magnetic stirrer. The water formed during the reaction was removed in the form of 
a toluene-water azeotrope by means of the Dean-Stark trap in the first half hour of 
the reaction. Only the minimum amount of solvent necessary was removed to 
ensure a constant concentration. The nitrogen flow through the reaction vessel was 
kept at a minimum, as well, to reduce loss of solvent by evaporation. 
4.2.4 Sample CoUection 
250 J..LL aliquots were collected at set time intervals using gas-tight 
Hamilton® syringes. Each 250 J..LL aliquot was quenched in 10 mL of 0.1 M acetic 
acid solution. A precipitate formed. The precipitate was filtered using fine mesh 
filter paper on a Buchner funnel and washed with 10 mL of distilled water to 
remove all residual salts. The solid was air dried, extracted into tetrahydrofuran 
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(THF) and placed in a pre-weighed glass scintillation vial. The THF was 
evaporated using vacuum and the dry solid was weighed. In each case. the mass of 
the solid was about 5 mg. 
4.2.5 Samole Preparation 
The dry solid residue from each aliquot was dissolved in 10 mL of a THF-
0.1% formic acid (v/v) mixture to give a solution with an approximate 
concentration of0.5J.J.g/J.LL. This solution was further diluted by dissolving 20J,LL 
of the stock solution into an additional1000J,JL of the THF-0.1% formic acid 
mixture. The final concentration of the solution injected into the instrument was 
about 10ng!J,JL. The vials were tightly cappe~ sealed with Teflon tape under the 
lids and refrigerated until analysis. 
4.2.6 Standards 
A stock solution was prepared by dissolving each of the pure cyclic dimers, 
linear trimers, and 1,3-FBB in a THF-0.1% formic acid mixture to give a 1mg!mL 
concentration of each. Secondary standard solutions were prepared by successive 
dilutions in the THF-0.1% formic acid mixture to yield a series of concentrations 
in the range 100ng!J,LL to 0.0488 ng!J,LL. A blank ofTHF-0.1% formic acid was 
also prepared. 
4.2. 7 Instrumentation 
Selected reaction monitoring of standards and sample extracts was 
performed by a Sciex Model API ill Triple Quadrupole Mass Spectrometer 
interfaced with a liquid chromatograph (LC) consisting of a Hewlett-Packard 1050 
solvent delivery system and a 1050 auto injector. The mobile phase consisted of 
50% acetonitrile-50% methanol (v,v) containing 0.1% formic acid. HPLC was 
performed using a SynC18 column. Molecular ions were formed by electrospray 
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ionization. Positive ions were sampled into the mass analyzer. Argon was used as 
the collision gas. 
4.3 Results and Discussion 
Calibration data were obtained for a series of standards of known 
concentration in the 100ng!J.LL to 0.0488ng/J.LL range. The response for a blank 
solution was also recorded. Calibration curves were constructed by plotting 
log( concentration) vs. log(response). Representative calibration curves for 1,3-
FBB, the PAE-133 cyclic dimer, the PAE-133 FBB capped linear trimer, the PAE-
133D cyclic dirner and the PAE-133D FBB capped linear trimer are given in 
Figures 4.4- 4.8, respectively. Table 4.4lists the concentrations of the standards 
used. 
STANDARD NUMBER CONCENTRATION (ne/microliter) 
1 100 
2 50 
3 25 
4 12.5 
5 6.25 
6 3.125 
7 1.5625 
8 0.7813 
9 0.3906 
10 0.1953 
11 0.0977 
12 0.0488 
Table 4.4 Concentrations of Standards Used to Generate the 
Calibration Curves 
In general, the calibration data give a linear correlation of peak area with 
concentration. Any "curvilinearity" of the calibration curve may be symptomatic 
of adsorption of the analyte onto the LC column9. Therefore, in some instances, 
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the higher concentrations were not used in the construction of the calibration 
curve. 
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Figure 4.4 Calibration Curve for 1,3-bis(4-tluorobenzoyl)benzene (1,3-FBB) 
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Figure 4.5 Calibration Curve for P AE-133 Cyclic Dimer 
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Calibration Curve for PAE-133 FBB Capped Linear Trimer 
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Figure 4.6 Calibration Curve for P AE-133 FBB Capped Linear Trimer 
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Figure 4.7 Calibration Curve for PAE-1330 Cyclic Dimer 
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Figure 4.8 Calibration Curve for PAE-1330 FBB Capped Linear Trimer 
The above calibration curves were used to quantify the unknown amounts 
of 1,3-FBB, the P AE-133 cyclic dimer, the P AE-133 FBB capped linear trimer, 
the PAE-1330 cyclic dimer and the PAE-1330 FBB capped linear trimer in each 
of the samples collected. The change in concentration of monomer, cyclic dimer 
and linear trimer with time, for each reaction under consideration, is given in 
Figures 4.9-4.12. 
It appears that quantification of the amount of each trimer and the P AE-
133D cyclic dimer, in each sample, was grossly overestimated. Significant 
systematic error was evidently present, a consequence of the calibration procedure. 
There may have been biases arising from the calibration procedure. Such biases 
are not uncommon10• In an attempt to eliminate these biases, an internal standard, 
anthracene, was added to the samples. However, anthracene does not give a clean 
fragmentation pattern. An appropriate fragmentation transition to monitor was not 
found, and we were unable to measure the anthracene concentration. It is 
sometimes difficult to find an appropriate internal standard because internal 
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standards need to be chemically similar to the compowtd under investigation, yet 
not take part in the reaction 11 • 
The accuracy of the analysis cannot be determined because the true levels 
in the samples are not known a priori, and therefore a full quantitative analysis is 
not possible. However, we believe the overall trends are correct and semi-
quantitative. 
An analysis of the trends within the first five hours for each reaction (refer 
to Figures 4.9-4.16) reveals that, in each case, the 1,3-FBB reacts rapidly and 
disappears within the first two hours. Within the same time period the 
concentration of the linear 1,3-FBB capped trimer increases, indicating that 
intermolecular oligomerizaton occurs early in the reaction. The subsequent 
decrease in the trimer concentration shows that the trimer further participates in 
the reaction. On the other hand, the concentration of the cyclic dimer increases 
rapidly in the first two hours. After the tenth hour its concentration remains 
unchanged. This examination has led us to conclude that long reaction times are 
unnecessary for these cyclization reactions and, as discussed later, may even lead 
to the degradation of the cyclic dimer. 
An examination of reactions A and C (solvent: NMP) reveals that 
regardless of the bisphenol used, the trends are similar for both compounds 
investigated. In both reactions, the concentration of the cyclic dimer appears to 
reach a maximum after 2-3 hours and then falls off in the next several hours to two 
thirds or three quarters of the maximum value. This appears to be in contrast to the 
earlier results from GPC in which the cyclic dimer was the major product (>85% 
yield). However, some linear species with phenoxy ends were not detected with 
the GPC because they were removed in the basic precipitation of the reaction 
products. In view of these observations, it may be possible to obtain even higher 
yields of the cyclic d.imer with short reaction times. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
(1.,3-FBBJ vs. dme 
~ --------------------------------------------------------, :$ 3l 
~ 2.5 
-= ~ 2 
= 
'C' 1.5 
0 
'! l 
~ 0.5 ~ 
8 0 ~--~~~~~------------------~~--------------------~ 
0 5 lO IS 20 25 30 35 40 .J5 so 55 60 
Tbne(houn) 
(PAE-lJ:kdJ vs. dme 
~25~--------------------------------------------------------, ~ .L ... f 2 
~ 
~ 1.5 
.:. . ~ .... 
§ 
-= ~ 
~ 0.5 
= 0 
• 
• 
~ 06-----------------------------------------------------------~ 
0 5 10 15 20 25 35 40 45 55 
Tbne(houn) 
(PAE-133 FBB Capped Linear-Trimer( vs. dme 
~ 16.---------------------------------------------------------~ 
..  
.i! 14 
Q 
~ 12 
~ 10 
= 
'C' 8 
0 
'! 6 
f 4 ~ 
" a 2 l. 
0--~~~-.-.--------------------.---------------------~ 0 5 10 15 20 25 35 40 45 50 55 
Tlme(houn) 
112 
Figure 4.9 Change in Concentration of Monomer, Cyclic Dimer and Linear 
Trimer with Time over Long Reaction Times (Reaction A) 
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Figure 4.10 Change in Concentration of Monomer, Cyclic Dimer and Linear 
Trimer with Time over Long Reaction Times (Reaction B) 
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Figure 4.11 Change in Concentration of Monomer, Cyc6c Dimer and Linear 
Trimer with Time over Long Reaction Times (Reaction C) 
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Figure 4.12 Change in Concentration of Monomer, Cyclic Dimer and Linear 
Trimer with Time over Long Reaction Times {Reaction D) 
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Figure 4.13 Change in Concentration of Monomer, Cycfic Dimer and Linear 
Trimer with Time within First 10 Hours (Reaction A) 
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Figure 4.14 Change in Concentration of Monomer, Cyclic Dimer and Linear 
Trimer with Time within First 10 Hours (Reaction B) 
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Figure 4.15 Change in Concentration of Monomer, Cyclic Dimer and Linear 
Trimer with Time within First 10 Hours (Reaction C) 
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Figure 4.16 Change in Concentration of Monomer, Cyclic Dimer and Linear 
Trimer with Time within First 10 Hours (Reaction D) 
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The decrease in concentration of the cyclic dimer over 2-5 hours into the 
reaction may be due to "ether fission". It appears that the degradation of the cyclic 
dimer takes place primarily within the first ten hours when the system may still 
contain active phenoxides. 
In an attempt to rationalize these observations, one can examine the 
literature pertaining to the ring opening polymerization of cyclic arylates. 
Although ether linkages are usually inert to attack by phenoxides, these linkages 
can be activated under normal condensation conditions. Kinetic studies by Rose 
indicate that ether linkages become reactive in the presence of the sui phone 
group 12• Hay et a/. 13 have reported that ring-opening polymerizations of cyclic aryl 
ethers can be initiated by an ether-exchange reaction. This reaction is activated by 
the presence of electron withdrawing substituents on the aryl moiety and may be 
initiated by an alkali phenoxide. Further experiments by Hay et a/. have indicated 
that the rate of the ring opening reaction is dependent on the nature of the alkali 
cation as well as the solvent In general, potassium phenoxide gave the fastest ring 
opening polymerization in an aprotic dipolar solvent. Similar observations have 
also been reported by Reichle 14 and Cella et a/. 15 The use of sodium 
thiophenoxide and phenyl lithium as initiators in ether-exchange reactions has also 
been reported 15•16• 
Conversely, an examination of reactions Band D (solvent: DMAc) reveals 
that the concentration of the cyclic dimer continues to increase for the first I 0 
hours, after which it levels off. As reported earlier, the use ofDMAc as the 
reaction solvent affords a series of cyclic oligomers. However, even with a high 
reaction concentration (25% solids), the propensity for the cyclic oligomers to 
form was very high. There may be two explanations for these observations. First, it 
may be that over long reaction times an ether exchange reaction redistributes the 
relative concentrations ofthe various cyclic species. Second, the use ofDMAc 
may make the system less reactive, as discussed later. These conclusions are in 
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line with the observations made from the GPC studies of all reaction products. We 
know tha~ in the cases ~here DMAc is used as the reaction medi~ long reaction 
times gave higher yields of the cyclic dimer. 
Although these arguments are qualitative, we have shown tha~ for the 
conditions used in this study, ether exchange may be occurring, and it appears that 
the cyclics, in these reactions, do not form irreversibly. These conclusions receive 
support from the earlier GPC studies, reported in Chapter 2. Furthermore, it 
appears that structural variations within the framework of the bisphenol have little 
effect on the general trends. Despite the increased flexibility of the 3,3'-
(ethylenedioxy)diphenol (3-EDD), reactions A and Cas well as reactions Band D 
give similar reaction profiles. 
Other factors that may play an important role in the final outcome of a 
reaction include solvent-solute interactions and solvent-dependent aggregation17• It 
is known that the energetics of a reaction are greatly affected by the surrounding 
solvent molecules. For example, a solvent may keep two reactive ends close 
together, creating an "encounter complex"17•18 and thereby increasing the reaction 
rate. This idea was first introduced by Rabinowitch and Wood 19•20 as the liquid 
cage theory. This theory is based on the idea that slower diffusion rates in liquid 
solvents prevent reactive functional groups, once brought together, from escaping. 
The solvent molecules are believed to form a "cage" around the reactive functional 
groups. These functional groups than collide numerous times within the "cage" 
before either reacting or diffusing away. 
The solvent's role is not always interpreted easily. A change in solvent 
changes many properties, often making it impossible to modify one factor at a 
time19• However, for the reactions under consideration here, the effects of dipolar 
aprotic solvents on anion nucleophilicity21 are important. Solvent participation in 
nucleophilic aromatic substitution reactions is important in two respects. Firs~ the 
nucleophilic reactivity of the anions depends on the "specific solvation" of the 
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anions by the dipolar aprotic solvent. For example, solvents such as DMSO, 
DMAc and NMP are very polar, but the positive pole within the molecule cannot 
associate tightly with an anion due to steric effects (refer to Figure 4.17). Since the 
solvent, in this case DMAc or NMP, cannot effectively solvate the anion, the 
anion displays enhanced nucleophilicity22-24. 
08-
Figure 4.17 Dimethyl Acetamide (DMAc), Dimethyl Sulfoxide (DMSO) 
and N-methyl-2-pyrrolidinone (NMP) 
Second, the reactivity of the anion depends on how well the anion 
associates with the counter cation. It is well known that ion pairs are less reactive 
than free ions. For example, the anion x-, in Figure 4.18, behaves differently in the 
"tight ion pair" than as a "dissociated ion"25. Therefore, whether or not a solvent is 
capable of dissociating an ion pair is also of relevance. 
R· x- ~ 
Tight Jon 
Pair 
Solvent-
separated 
Jon Pair 
Dissociated 
Ions 
Figure 4.18 Ions Pairs in the Nucleophilic Aromatic Substitutioos25 
In light of the above discussion, it appears that NMP is a better solvent if 
the desired product is only the cyclic dimer. The high propensity for the cyclic 
dimer to form in NMP can be explained as follows. First, NMP is known to 
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dissociate ion pairs26 and thereby increases the reactivity of the phenoxy anion. 
The ion pairs under consideration for these reactions are shown in Figure 4.19. 
HO 0~0 
H 
Figure 4.19 Phenoxide Ion Pairs 
123 
SeconcL it appears that the reactive ends of a linear dimer form an 
"encounter complex" held together by the NMP molecules. Molecular modeling 
studies, discussed in Chapter 5, have also shown that the linear dimer prefers a 
bent conformation such that the reactive ends of the linear dimer are in close 
proximity. Perhaps NMP is able to maintain the bent orientation of the cyclic 
dimer necessary for the reaction. 
On the other hancL DMAc is more efficient in the synthesis of a series of 
cyclic oligomers. Even short reaction times ( 1 hour) along with high 
concentrations (10-25% solids) give a greater than 40% yield of a series of cyclic 
oligomers. The reaction runs more slowly in DMAc, probably for the following 
reasons: First, the DMAc molecules may not create a tight "cage" around the 
reactive ends of the linear dimer, allowing the ends to diffuse away. SeconcL 
DMAc may not be as efficient as NMP in dissociating ion pairs, making the 
system less reactive. A less reactive system requires more collisions before a 
reaction can take place. In view of these arguments, increased linear 
oligomerizaton can take place before the cyclization reaction occurs. 
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APPENDIX A 
Mass Spectrum and Proposed Structures of Fragments for 
1,3-bis(4-fluorobenzovl) benzene (1,3-FBB) 
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Proposed Structures of Fragments for PAE-1330 FBB Capped Linear Trimer 
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APPENDIXB 
Preparation of OH Capped Linear Trimers 
Synthesis of 1330-0H Linear Trimer 
7.664g (0.03125 mol) of3,3'-(ethylene dioxy)diphenol and 8.625g (0.0625 
mol) of anhydrous potassium carbonate were refluxed in 15 mL of a 
DMAc/toluene (70/30, v/v) mixture in a three-neckecL 100-mL, round-bottom flask 
fitted with a nitrogen inle~ thermometer, and Dean-Stark trap. 0.4025g (0.00 125 
mol) of 1,3-bis(4-fluorobenzoyl)benzene was dissolved in 5 mL ofDMAc. This 
solution was added slowly over a 1-112 hour period. The reaction mixture was 
allowed to reflux for an additional 10 minutes after all the 1,3-FBB solution had 
been added. The reaction mixture was cooled to room temperature and slowly 
poured into a 1M acetic acid solution. A sticky film separated from the solution 
and stuck to the flask A powdery, white precipitate also formed. The aqueous 
layer and precipitate were decanted off the sticky film, filterecL washed with water 
and dried overnight. The sticky film was extracted with chloroform and filtered to 
remove traces of the precipitate. The chloroform solution was subjected to rotary 
evaporation to remove excess chloroform. 
Synthesis of 133-0H Linear Trimer 
The procedure for this synthesis was identical to the one above and used 
6.2500g (0.03125 mol) of3,3'-bis(hydroxyphenyl)methane, 0.4025g (0.00125 
mol) of 1,3-bis(4-flourobenzoyl)benzene and 8.625g (0.0625 moles) of anhydrous 
potassium carbonate. 
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CHAPTERV 
MOLECULAR MODELING OF CYCLIC ARYLENE ETHER 
OLIGOMERS 
5.1 Introduction 
130 
Molecular mechanics and dynamics simulations are important in the study 
of molecular conformations, thermodynamic properties and vibrational spectra 1• 
Molecular modeling calculations have improved tremendously in recent years. 
In a molecular mechanics calculation, also known as a forcefield 
calculation, the potential energy surface of a molecule is described as a sum of 
independent energy functions of the different internal degrees of freedom such as 
bond lengths, bond angles and torsional bonds and nonbonded interactions such as 
van der Waals ct&"ld Coulombic interactions. Most forcefields also contain cross 
terms which represent the coupling of two different types of motion. Many 
sophisticated forcefields often contain additional terms to further refine the 
computational modeL F .H. Westheimer was a pioneer in the development of 
forcefields2. His work was further implemented by J.B. Hendrickson3 who 
calculated the energy difference between axial and equatorial methyls on 
cyclohexane and cycloheptane using "machine computation" in the early 1960s. 
The quality of a simulation depends directly on the forcefield. The 
mathematical equation and the parameters used in the empirical fit to the potential 
energy surface define the forcefield4 . Forcefields are developed from the analysis 
of experimental data and ab initio calculations with a particular set of molecules 
under consideration. In general, well developed forcefields give excellent 
agreement between calculated and experimental geometries, relative 
conformational energies and heats of formation. 
Stable conformations of a molecule can be identified on the 
multidimensional potential energy surface as minima. The lowest point on the 
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potential energy surface is the global minimum and the most stable arrangement of 
the molecule, whereas other minima are metastable species. However, molecular 
geometry optimization procedures using classical minimization algorithms do not 
always find the global minimum. This is because the procedures do not push the 
molecule over high energy barriers and the energy is invariably lowered to the 
closest energy minimum on the potential energy surface, which may not be the 
global5• 
Molecular mechanics calculations can be coupled with high temperature 
molecular dynamics calculations in order to carry out a full conformational search 
of the potential energy surface. Molecular dynamics calculations simulate the 
motion of a molecule with time by solving the classical equations of motion for the 
system6. Other approaches to conformational analysis also exist. However, these 
other methods, e.g., systematic grid search or Monte Carlo calculation, are not 
feasible for the cyclic compounds studied here due to the ring closure 
requiremene. Analysis of flexible macrocyclic compounds to determine the 
extensively populated conformations has been of longstanding interest20• Such an 
analysis permits one to understand the characteristics of the cavity, e.g., the size 
and shape. 
Our aim has been to identify low energy conformations of P AE-133cd 
(PAE-133 cyclic dirner), PAE-133ct (PAE-133 cyclic tetramer), PAE-133dcd 
(PAE-133D cyclic dimer) and PAE-133dct (PAE-133D cyclic tetramer) as well as 
to investigate the cavity size in a pseudo-solvated state. The conformation and the 
size of the cavity of cyclic compounds are important in understanding their 
physical behavior and reactivity8. 
Conformational analysis of the corresponding linear dimers was also 
performed in order to study the relative orientations of the chain termini and the 
relationship of their orientations to the experimentally determined concentration of 
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the cyclic species. All simulations coupled high temperature molecular dynamics 
with molecular mechanics. 
5.2 Methodology 
All calculations were performed on an IBM RIS 6000 workstation using 
Molecular Simulation's /nsight/l and Discover software packages. The initial 
structures were constructed interactively using the Builder module within 
lnsight/l. X-ray crystal structure data were not available at the time of these 
simulations to suggest constraints on the initial structures. Consequently, arbitrary 
structures were built as the starting point for the conformational analysis. In 
general, unit cell fractional coordinates can be used to provide the computer with 
starting atomic coordinates. 
5.2.1 Forcefield 
The CFF91 forcefield was chosen since it has been parameterized for 
arylene ethers. CFF91 is a Class II forcefield and has been shown to be more 
accurate than Class I forcefields9. The component terms in the energy expression 
for the CFF91 forcefield can be represented as the sum of the 13 terms that 
follow10: 
(1) 
Term I is a quartic polynomial and is employed to represent the energy 
expended in stretching a bond from its equilibrium state. K2, K3 and ~ are the 
stretching force constants, b is the distance between two atoms connected to each 
other (i.e., bond length) and b0 is the reference value of the distance between those 
two atoms. The swnmation is over all the bonds in the system. 
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(2) 
Term 2 represents bond angle bending and is given by a quartic polynomial. 
H2, H3 and H4 are the bending force constants, e is the angle between two atoms 
connected to each other and 80 is the minimum energy value for the bond angle. 
The summation is over all the bond angles in the system. 
Use of quartic polynomial expressions for the bond lengths and bond 
angles provide improved functional representation compared to the simple 
Hooke's law representation. 
+ Lq,[ Vt[ l-cos(<!>-<l>t0)] + V2 [1-cos(2<!>-<!>2°)] 
+ V3[1-cos(3Q>-Q>3°)]] (3) 
Term 3 is a three-term Fourier expansion for torsional rotation and 
represents a bond's resistance to rotation. 
In its simplest form, the torsional potential energy term can be represented 
as Lq, Y2 F q, ( 1 + s cos ncp ). where F q, = force constant (or in this case the barrier to 
rotation), n =periodicity ofF q, and s = +I (minimum energy in staggered 
conformation), s = -1 (minimum energy in eclipsed conformation)11 • By analogy, 
in the three-tenn Fourier expansion for torsional rotation, VI, v2 and v3 are the 
first, second and third torsional constants also known as the torsion barrier height 
parameters. cp is the angle of rotation from the trans form. The periodicity of the 
function(n) is given and is I, 2 or 3. The one-fold term accounts for dipole-dipole 
interactions, the two-fold terms accounts for conjugative effects and the three-fold 
term accounts for steric effects12• 
(4) 
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Term 4 accoWlts for a Wilson out-of-plane bending. The Wilson13 
definition provides that the out-of-plane coordinate is defined as the angle between 
one bond from the central atom and the plane defined by the other two bonds from 
the central atom. Kx. is the force constant in Kcal mor1 rad-2 and x is the Wilson 
out-of-plane angle. 
The out-of-plane bending is considered when there are planar groups 
containing sp2 atoms bonded to three other atoms, for example, amide carbons and 
the carbons in a benzene ring. The out-of-plane coordinate works by keeping the 
central atom in the plane defined by the other three atoms. The concept of an out-
of-plane coordinate may be best Wlderstood by referring to the graphic illustration 
ofCFF91 provided in Figure 5.1. 
+ Lb Lb' Fbb{b-bo)( b' -bo') 
+ La La' Faa' (S-So) (S' -So') 
+ Lb La Fb8 (b-bo) (S-So) 
+ Lb Lcp (b-bo) [V 1 coset> + V 2cos2ct> + V 3cos3cf>] 
+ Lb'Lcp (b'-bo') [VIcoscf> + V2cos2cp + V3cos3cf>] 
+ La Lcp(S-So) [VIcoscf> + V2cos2ct> + V3cos3cf>] 
+ Lcp La La' l<cpea' coset> (8-So) (S' -So') 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(ll) 
Terms 5-11 are cross terms which account for interactions between atoms 
separated by three covalent bonds. For example, terms 8 and 9 are bond-torsion 
cross terms, term 1 0 is the angle-torsion cross term and term II is the angle-angle 
torsion. These cross terms have been foWld to be significant and largely aid in the 
prediction of spectroscopic and energetic properties of strained and Wlstrained 
molecules. 
Maple eta/. 14 used ab initio data to test the transferability of energy 
function parameters, in deriving suitable forcefields. Six potential energy functions 
were tested and it was foWld that using cross terms significantly reduced the error 
in relative energies and vibrational frequencies. 
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(12) 
Term 12 represents the electrostatic interactions between the atomic charges 
in a molecule. Qi and 'li are the partial atomic charges separated by a distance ru 
where E is the effective dielectric constant. The distance ru is given in angstroms 
and q is in units of fraction of an elementary electronic charge. 
The dielectric constant, s, in the above expression, is not the dielectric 
constant associated with bulk properties of materials. This dielectric constant 
scales the charge-charge interactions between atoms separated by three or more 
covalent bonds15• 
+ ">'· · [A··/r9··- B··/r6··] 
...-l>J IJ IJ IJ IJ (13) 
Term 13 is the van der Waals term for interactions between nonbonded 
atoms. Aij and Bij are adjustable parameters and i and j are indices for the 
interacting atoms and r is the distance between the two interacting atoms. The 
parameter Aij accounts for repulsion and Bu accounts for attractions. A 9lh -power 
term is used for the repulsive part rather than the usual 12th -power term. 
This CFF91 forcefield is summarized in Table 5.1. 
TERM DESCRIPTION 
1 Bond stretching 
2 Angle bending 
3 Torsional bending 
4 Out of plane coordinate 
s -11 Cross terms 
12 Coulombic interactions 
13 Vander Waals interactions 
Table 5.1 Description of the Terms in the CFF91 Forcefield 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
136 
(1) (2) 
(3) 
+~ +~ 
(5) 
+~· +~ 
(7) (8) 
+~ +~ 
(9) (10) 
(11) (12) 
Figure 5.1 Graphic Illustration of Terms in CFF91 10 
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The Coulombic interaction term (term# 12) of the forcefield was scaled 
during the calculation by adding a distance dependent dielectric constant, e.g., & = 
1.0 r, r =distance between two atoms involved in a pairwise Coulombic 
interaction. Addition of a distance dependent dielectric constant mimics the 
approximate effects of a bulk solvent by decreasing the charge-charge interaction 
as the square of the distance in the potential energy function15.1 6•11. An explicit 
solvent was not specified in the simulation. 
Guenot eta/. 16 report that the use of a distance dependent dielectric 
constant is justifiable since it is an energy conserving model. Furthermore, a 
distance-dependent dielectric constant model gives better results in protein 
simulations than a constant dielectric modeL Smith and Boyd18 have also 
successfully mediated charge-charge interactions in the conformational analysis of 
polymers by effectively modifying the dielectric constant. 
A total of 100 low energy conformations of each cyclic compound was 
generated. Table 5.2 summarizes the sequence of simulation. In the first step, a 
graphically built structure was optimized by molecular mechanics calculations by 
cycling through two different minimization algorithms used by Discover. The 
steepest descent algorithm was used to relax highly distorted structures for the first 
100 steps. The minimization was then completed with the quasi-Newton-Raphson 
algorithm until the average derivative converged to 0.001 Kcal/ mole A. The 
Discover User Guide provides a complete discussion of the above minimization 
algorithms and how they are used by the Discover program 10. 
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5.2.2 Molecular Dynamics 
In the second step, the minimized structure was subjected to molecular 
dynamics at 900K for lOOps. The Verlet velocity integration algorithm19 with a 
default integration timestep (~t) of I fs was used. The algorithm is as follows: 
r(t+~t) = r(t) + ~t v(t) + [8r a(t)]/2 
a (t +~t) = [f (t+ ~t)]/m 
v (t + ~t) = r (t) + Yz ~t [a (t) + a (t + ~t)] 
r (t) is the position, v (t) is the velocity and a (t) is the acceleration at timet. 
138 
During the dynamics trajectory, the coordinates of the structure were saved 
in a history file every I ps. The structures saved in the history file were then 
minimized again. 
Step# Simulation 
1 Molecule was graphically built using 
the Builder module 
2 Highly distorted structure was relaxed 
using the steepest descent minimization 
algorithm. 
3 The structure was further refined using 
the quasi Newton-Raphson algorithm. 
4 100 ps of molecular dynamics at 900K 
was performed. 
5 Structures saved during the MD 
trajectory were re-optimized. 
Table 5.2 Sequence of Simulation 
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5.3 Results and Discussion 
5.3.1 PAE-133D and PAE-133 CycUc Oligomers 
An analysis of the 100 low-energy structures generated by high temperature 
molecular dynamics, for each molecule, indicates that the full conformational 
space was explored in each instance. The high-temperature molecular dynamics 
did in fact push the molecules over high-energy barriers and other valleys on the 
potential energy surface were then located by minimization. 
Six distinct low-energy conformations ofPAE-133-cd (cyclic dimer), 
within 3.5 kcal/mole of each other, were identified. On the other hand, 40 distinct 
low-energy structures, within 13 kcal/mole of each other, were found for P AE-
133D-cd (cyclic dimer). It appears that PAE-133D-cd is a much more flexible 
molecule. As expected, the presence of the ethylene dioxy linkage ( -OCH2CH20-) 
affords much more room for movement. Such a phenomenon is commonly referred 
to as the "multiminima" problem and results from a shallow multidimensional 
conformational energy surface21 • This phenomenon is seen in molecules that have 
access to a vast number of conformations such as polymer chains. 
The crystal structure and the structures generated by molecular modeling 
for P AE-133-cd indicate that the cavity is structurally defined and the molecule is 
a nearly rigid, closed ring with little space for movement. Excellent agreement was 
found between the crystal structure and Model 2. Model 2 is approximately 1.65 
kcal/mole higher in energy than the lowest energy structure (Model 1) generated 
for PAE-133-cd. The bond angles in the crystal structure and Models land 2 were 
compared and are listed in Appendix A. Torsional angles in the crystal are 
compared with those in Model2 and are given in Appendix B. 
Figure 5.2 presents a comparison of the x-ray crystal structure and the 
closest calculated low energy conformation of P AE-133-cd. 
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Closest Calculated 
Low Energv Conformation 
of PAE-133 D-cd 
X-rav Crvstal Structure 
of PAE-133-cd 
Figure 5.2 Graphical Comparison of the X-ray Crystal Structure and 
the Closest Calculated Low Energy Conformation P AE-133cd 
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The flexibility of P AE-1330-cd causes it to have a flexible cavity which is, 
most likely, solvent or guest-dependent. Such an effect of flexibility has been seen 
in carbonyl containing calixarenes. In fact, the carbonyl is known to be the cation-
binding site in these calixarenes22• Hydrophobic complexation studies of a series 
of cyclophanes suggest that the presence of a rigid spacer group is necessary for an 
opencavi~. 
The conformations ofPAE-1330-ct (cyclic tetramer) and PAE-133-ct 
(cyclic tetramer) were also analyzed. "Many'' low-energy conformation were 
found for these cyclic molecules leading to the conclusion that as the ring size 
increases the molecules become more pliant and are, therefore, able to access 
many low energy states. 
Appendix C lists the relative conformational energies of all the structures 
generated in these calculations. Space filling models as well as ball and stick 
figures of most structures are provided in Appendix E and indicate the 
approximate size of the cavity, where appropriate. 
5.3.2 Linear PAE-1330 Dimer and PAE-133 Dimer 
The separation of the two ends of the linear dimer was determined as the 
distance between the hydroxy oxygen and the carbon attached to the fluorine (the 
site of attack) for the stable conformations ofthe linear analogs ofPAE-133D-cd 
and PAE-133-cd. The linear PAE-133 dimer prefers a bent conformation such that 
the distance between the oxygen and carbon varies from 3.71 to 16.95 angstroms 
with a strong preference for the shorter distances. 78% of the PAE-133 linear 
dimer structures generated have end-to-end distances of less than 6A. 
On the other hand, linear P AE-133 0 dimer has a preference for a much 
more open structure and in most instances, it was found that the two ends were not 
within a reaction volume. In this case, only 51% of the P AE-1330 linear dimer 
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have end-to-end distances of less than 6A. The relative conformational energies 
and end-to-end distance of the linear oligomer structure generated in these 
calculations are given in Appendix D. 
A calculation of this type, however, does not necessarily simulate reality. 
There are several problems. First, the solvation of the phenolic end is not treated 
explicitly. Such a solvation treatment was not feasible with the CFF91 forcefield 
which falls apart once an explicit charge is placed on an atom. The CFF91 
forcefield is not parameterized for charged atom types. In general, a forcefield is 
based on a combination of partial charges. The partial charges are based only on 
atom connectivity and bond increments. However, an arylene ether system is an 
extended conjugated system in which charges are based on more than just atom 
connectivity due to resonance. The CFF91 forcefield can not account for this 
resonance stabilization. Therefore, we have assumed that the oxygen attacking the 
carbon is still attached to a hydrogen. It may be possible to calculate the necessary 
partial charges for a charged oxygen atom attached to a benzene ring (i.e., 
distribute the charges over the system) using MOPAC but this may lead to artifacts 
due to the absence of an explicit solvent in these calculations. 
The second problem with this treatment arises from the fact that in reality 
many solvent molecules screen the two ends of the molecule. The distance 
dependent dielectric constant was added to reduce the severity of this problem but 
cannot take the place of the presence of an explicit solvent. 
Our purpose in carrying out the conformational analysis of the linear dimers 
was, simply, to predict possible orientations of the linear molecule. The bent 
orientation of P AE-133 linear dimer may explain why it is easier to synthesize 
PAE-133-cd in large quantities relative to PAE-133D-cd, which prefers a extended 
conformations. 
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APPENDIX A 
Comparison of Bond Angles in the Crvstal Structure and Model 1 and 2 
Atoms Angles from the Angles from Angles from 
crystal structure Model 1 Model2 
(in de2rees) (in de2rees) (m5) (in de2rees )( m21) 
C12-03-C15 118.8° 117.0° 121.2° 
C26-04-C28 116.1 122.7 115.4 
01-C1-C2 119.9 118.9 119.0 
01-Cl-C31 120.3 118.8 119.1 
C2-C1-C31 119.9 122.2 121.9 
C1-C2-C3 119.1 121.2 120.4 
C1-C2-C7 121.5 121.8 122.0 
C3-C2-C7 119.4 116.9 117.5 
C2-C3-C4 120.6 121.1 121.0 
C3-C4-C5 120.1 120.2 120.0 
C4-C5-C6 120.0 121.1 121.9 
C5-C6-C7 120.0 116.9 116.4 
C5-C6-C8 118.6 121.1 119.8 
C7-C6-C8 121.1 122.0 123.6 
C2-C7-C6 119.9 123.6 123.2 
02-C8-C6 119.0 119.1 117.2 
02-C8-C9 120.8 119.1 116.9 
C6-C8-C9 120.2 121.9 125.8 
C8-C9-Cl0 118.5 121.3 120.1 
C8-C9-C14 122.4 122.4 124.1 
Cl0-C9-Cl4 119.1 116.2 115.7 
C9-C10-Cll 121.0 122.1 122.5 
C10-Cll-C12 119.8 120.3 120.8 
03-C12-Cll 115.8 121.6 118.3 
03-C12-C13 123.8 119.9 123.6 
Cll-C12-C13 120.4 118.5 118.0 
C28-C29-C30 119.5 121.2 120.3 
C29-C30-C31 121.5 121.9 122.1 
Cl-C31-C30 120.2 121.2 121.2 
Cl-C31-C32 121.4 122.6 122.1 
C30-C31-C32 118.3 116.1 116.5 
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Cl2-Cl3-C14 119.6 120.4 120.4 
C9-Cl4-Cl3 120.1 122.2 122.5 
03-Cl5-C20 118.1 118.5 117.7 
03-Cl5-C20 119.2 123.2 123.8 
Cl6-Cl5-C20 122.6 118.2 118.5 
CI5-Cl6-C17 117.8 120.1 120.3 
Cl6-Cl7-C18 120.4 120.5 120.1 
Cl7-Cl8-Cl9 121.1 120.5 120.8 
Cl8-Cl9-C20 118.2 118.6 118.7 
Cl8-C19-C21 120.5 121.2 120.0 
C20-Cl9-C21 121.3 120.2 121.3 
Cl5-C20-C19 120.0 122.0 121.6 
Cl9-C21-C22 111.2 122.7 109.8 
C21-C22-C23 121.2 120.0 121.2 
C21-C22-C27 119.8 121.9 120.3 
C23-C22-C27 119.0 118.6 118.6 
C22-C23-C24 121.1 120.8 120.7 
C23-C24-C25 119.6 120.3 120.5 
C24-C25-C26 119.6 120.3 119.9 
04-C26-C25 120.4 117.7 119.1 
04-C26-C27 116.8 123.8 122.3 
C25-C26-C27 122.7 118.4 118.6 
C22-C27-C26 118.0 121.7 121.8 
04-C28-C29 115.6 117.6 120.8 
04-C28-C33 123.6 124.6 120.6 
C29-C28-C33 120.8 117.7 118.6 
CJI-C32-C33 120.8 122.5 122.1 
C28-C33-C32 119.0 120.4 120.3 
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APPENDIXB 
Comoarison of Torsional Angles in the Crvstal Structure and Mode12 
Atoms Torsion angles from Torsion angles from 
crystal structure (in Model2 
de2rees} (in df!21"ees) 
Ol-Cl-C2-CJ 41.7 26.1 
Ol-Cl-C2-C7 -135.5 -150.2 
01-Cl-CJI-CJO 11.3 20.0 
Ol-Cl-C31-C32 -163.3 -155.5 
02-C8-C6-CS -31.9 -11.9 
02-C8-C6-C7 142.3 163.9 
02-C8-C9-Cl0 -26.1 -17.7 
02-C8-C9-Cl4 151.5 159.2 
03-Cl2-Cll-Cl0 178.1 177.9 
OJ-C12-C13-Cl4 -176.9 -177.4 
OJ-CIS-Cl6-Cl7 -174.5 -177.6 
03-CIS-C20-Cl9 176.1 177.7 
04-C26-C2S-C24 178.0 179.3 
04-C26-C27-C22 -178.0 -177.9 
04-C28-C29-CJO -179.8 -178.6 
04-C28-CJJ-C32 179.8 180 
Cl-C2-CJ-C4 -178.2 -179.1 
Cl-C2-C7-C6 177.6 178.2 
Cl-C31-CJO-C29 -177.8 -177.5 
Cl-C31-C32-CJJ 177.7 176.1 
C2-Cl-C31-CJO -167.1 -160.8 
C2-Cl-C31-C32 18.2 23.6 
C2-CJ-C4-CS 1.3 1.5 
C2-C7-C6-CS -0.2 -0.01 
C2-C7-C6-C8 -174.3 -175.4 
CJ-C2-Cl-C31 -139.8 -153.0 
Cl6-C17-C18-C19 1.3 0.1 
C17-C16-C1S-C20 0.7 0.7 
Cl7-Cl8-Cl9-C20 0.4 0.3 
C17-Cl8-Cl9-C21 -178.0 -178.8 
CJ-C2-C7-C6 0.3 1.7 
CJ-C4-CS-C6 -1.1 -0.3 
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C4-C3-C2-C7 -0.8 -2.5 
C4-C5-C6-C7 0.6 1.0 
C4-C5-C6-C8 174.9 174.5 
C5-C6-C8-C9 149.1 169.7 
C6-C8-C9-C10 152.9 161.3 
C6-C8-C9-C14 -29.4 -21.9 
C7-C2-Cl-C31 42.9 40.6 
C7-C6-C8-C9 -36.7 -15.1 
C8-C9-C10-Cll 179.6 178.9 
C8-C9-C14-C13 -178.4 -179.1 
C9-C10-Cll-C12 -1.2 -0.2 
C9-Cl4-C13-C12 -1.0 -0.5 
Cl O-C9-C14-C13 -0.7 -2.2 
Ct0-Cll-C12-Cl3 -0.6 -1.9 
Cll-C10-C9-C14 1.9 1.8 
Cll-Cl2-03-Cl5 166.1 141.1 
Cll-Cl2-C13-C14 1.7 1.6 
C12-03-C15-Cl6 -89.3 -159.2 
C12-03-C15-C20 95.4 -24.1 
C13-Cl2-03-Cl5 -15.3 -43.1 
C15-C16-C17-Cl8 -1.8 -0.3 
C15-C20-C19-CI8 -1.6 -0.8 
C15-C20-C19-C21 176.9 178.3 
CI6-C15-C20-C19 1.0 1.0 
C18-C19-C21-C22 98.2 69.7 
C18-C21-C22-C23 -84.3 -101.7 
C19-C21-C22-C27 96.5 73.9 
C20-C19-C21-C22 -80.2 -109.4 
C21-C22-C23-C24 -179.3 -176.6 
C21-C22-C27-C26 179.9 176.6 
C22-C23-C24-C25 0.2 . 0.2 
C22-C27-C26-C25 -1.3 -0.1 
C23-C22-C27-C26 0.6 1.1 
C23-C24-C25-C26 -0.8 -1.4 
C24-C23-C22-C27 -0.1 -1.1 
C24-C25-C26-C27 1.4 1.4 
C25-C26-04-C28 82.5 147.3 
C26-04-C28-C29 -175.4 -69.6 
C26-04-C28-C33 4.2 111.8 
C27-C26-04-C28 -100.8 -34.9 
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C28-C29-C30-C31 1.2 1.6 
C28-CJJ-C32-C31 -1.2 -1.3 
C29-C28-C33-C32 -0.6 -1.4 
C29-CJO-C31-C32 -3.0 -1.7 
C30-C29-C28-C33 0.6 0.1 
C30-C31-C32-C33 2.9 0.3 
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APPENDIXC 
Relative Conformational Energies of All the Calculated Structures 
Description of Terms in the CFF91 Forcefield 
TERM No. DESCRIPTION 
1 Bond stretching 
2 Angle bending 
3 Torsional bending 
4 Out of plane coordinate 
5-11 Van der Waals interactions 
12 Coulombic interactions 
133 cyclic dimer 
Forcefield = CFF91 
Filename Total BondE Theta E 
Energy (term 1) (term 2) 
m5 67.362 13.93 12.64 
m9 67.362 13.93 12.64 
m81 67.362 13.93 12.64 
m82 67.362 13.93 12.64 
m83 67.362 13.93 12.64 
m84 67.362 13.93 12.64 
m85 67.362 13.93 12.64 
m86 67.362 13.93 12.64 
m87 67.362 13.93 12.64 
mas 67.362 13.93 12.64 
m89 67.362 13.93 12.64 
rn90 67.362 13.93 12.64 
m91 67.362 13.93 12.64 
m92 67.362 13.93 12.64 
m93 67.362 13.93 12.64 
m94 67.362 13.93 12.64 
m95 67.362 13.93 12.64 
m96 67.362 13.93 12.64 
m97 67.362 13.93 12.64 
PhiE 
!(term 3} 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
19.18 
OOPE NBE 
(term 4) !(term 5-11) 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
0.229 32.59 
150 
Col. E 
(term 12) 
13.4 
13.4 
13.41 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
13.4 
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m98 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m99 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m100 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m42 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m3 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m4 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m6 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m7 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m8 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m10 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m11 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m12 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m13 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m14 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m15 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m16 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m17 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m18 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m19 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m20 67.362 14.16 12.74 20.58 0.428 32.25 13.8 
m22 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m23 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m24 67.362 14.16 12.74 20.58 0.428 31.25 13.8 
m26 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m27 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m28 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m29 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m30 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m31 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m32 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m33 67.362 14.16 12.74 20.58 0.428 31.25 13.8 
m34 67.362 13.84 20.27 22.8 0.959 32.1 14.6 
m37 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m38 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m39 67.362 14.27 14.09 19.2 0.242 33.3 13.24 
m40 67.362 14.27 14.09 19.2 0.242 33.3 13.24 
m41 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
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m43 67.362 13.93 12.64 19.18 0.229 32.59 13.~ 
m51 67.362 13.93 12.64 19.18 0.229 32.59 13.~ 
m52 67.362 13.93 12.64 19.18 0.229 32.59 13.~ 
m53 67.362 13.93 12.64 19.18 0.229 32.59 13.~ 
m54 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m55 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m56 67.362 13.93 12.64 19.18 0.229 32.59 13.~ 
m58 67.362 13.93 12.64 19.18 0.229 32.59 13.~ 
m59 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m60 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m64 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m66 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m67 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m68 67.362 13.93 12.64 19.18 0.229 32.59 13A 
m69 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m70 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m71 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m72 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m73 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m74 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m75 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m76 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m77 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m78 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m79 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m80 67.362 13.93 12.64 19.18 0.229 32.59 13.4 
m21 68.096 13.93 12.64 19.18 0.229 32.59 13.4 
m25 68.096 13.93 12.64 19.18 0.229 32.59 13.4 
m35 68.096 13.93 12.64 19.18 0.229 32.59 13.4 
m2 69.009 14.48 14.68 17.76 0.153 33.7 13.29 
m50 69.009 14.48 14.68 17.76 0.153 33.7 13.29 
m57 69.009 14.48 14.68 17.76 0.153 33.7 13.29 
m1 69.561 14.27 14.09 19.2 0.242 33.3 13.24 
m44 69.561 14.27 14.09 19.2 0.242 33.3 13.24 
m45 69.561 14.27 14.09 19.2 0.242 33.3 13.24 
m46 69.561 14.27 14.09 19.2 0.242 33.3 13.24 
m47 69.625 14.37 12.19 22.12 0.277 31.98 13.7 
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m48 69.625 
m49 69.625 
m65 69.625 
m61 70.723 
m62 70.723 
m63 70.723 
m36 80.929 
133 cyclic tetramer 
Forcefield = CFF91 
Filename Total 
Energy 
m88 116.47 
m89 116.47 
m90 116.47 
m95 116.49 
m97 116.49 
m99 116.49 
m93 116.49 
m98 116.49 
m94 116.49 
m100 116.49 
m91 116.49 
m92 116.49 
m96 116.49 
m62 121.18 
m87 121.18 
m86 121.85 
m69 122.17 
m70 122.17 
m76 122.22 
m78 122.22 
m20 122.22 
m82 122.22 
m83 122.22 
m77 122.22 
m22 123.13 
14.37 12.19 
14.37 12.19 
14.37 12.19 
13.99 10.68 
13.99 10.68 
13.99 10.68 
13.93 12.64 
BondE Theta E 
(term 1) (term 2) 
28.57 25.75 
28.57 25.75 
25.57 25.75 
28.48 25.27 
28.48 25.27 
28.48 25.27 
28.48 25.27 
28.48 25.27 
28.48 25.27 
28.48 25.27 
28.48 25.27 
28.48 25.26 
28.48 25.27 
28.04 25.76 
28.26 23.66 
28.15 23.73 
28.19 21.4 
28.19 21.4 
28.12 23.01 
28.12 23.01 
28.12 23.01 
28.12 23.01 
28.12 23.01 
28.12 23.01 
28.17 21.08 
153 
22.12 0.277 31.98 13.7 
22.12 0.277 31.98 13.7 
22.12 0.277 31.98 13.7 
25.41 0.201 31.9 13.52 
25.41 0.201 31.9 13.52 
25.41 0.201 31.9 13.52 
19.18 0.229 32.59 13.4 
PhiE OOPE NBE Col. E 
(term 3) !(term 4) (term 5-11) l(term 12) 
30.41 0.483 54.72 26.59 
30.4 0.483 54.72 26.59 
30.4 0.483 54.73 26.59 
33.17 0.666 51.97 26.94 
33.17 0.665 51.97 26.94 
33.17 0.666 51.97 26.94 
33.17 0.666 51.97 26.94 
33.17 0.666 51.97 26.94 
33.17 0.666 51.97 26.94 
33.17 0.666 51.97 26.94 
33.17 0.666 51.97 26.94 
33.17 0.666 51.98 26.94 
33.17 0.666 51.97 26.94 
45.83 1.275 44.61 25.23 
39.32 0.592 52.22 27.22 
41.11 ~j•J•JI .. • ,..,.JI", ;t 51.03 26.82 
44.74 0.704 51.19 25.89 
44.74 0.704 51.19 25.89 
35.67 0.428 58.08 26.61 
35.67 0.428 58.08 26.61 
35.67 0.428 58.09 26.61 
35.67 0.428 58.08 26.61 
35.67 0.428 58.08 26.61 
35.67 0.428 58.08 26.61 
47.79 0.981 48.96 25.73 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
154 
m23 123.13 28.17 21.08 47.79 0.981 48.96 25.73 
m58 123.56 28.19 24.07 36.12 0.475 58.4 26.31 
m59 123.56 28.19 24.07 36.12 0.475 58.4 26.31 
m67 123.62 28.12 21.57 40.7 0.68 56.24 25.91 
m27 123.9 28.16 25.07 39.26 0.893 53.48 26.52 
m5 124.01 28.04 25.59 37.38 0.602 55.41 25.89 
m6 124.01 28.04 25.59 37.38 0.602 55.41 25.89 
m7 124.01 28.04 25.59 37.37 0.602 55.41 25.89, 
m55 124.67 28.33 22.41 39.22 0.434 58.35 25.96: 
m57 124.67 28.33 22.41 39.22 0.434 58.35 25.96 1 
m56 124.67 28.33 22.41 39.22 0.434 58.35 25.96 
mao 124.89 28.35 23 43.05 0.865 52.88 26.57 
m81 124.89 28.35 23.02 43.03 0.865 52.89 26.57 
m79 124.89 28.35 23.01 43.04 0.864 52.89 26.57 
m52 125.23 28.29 23.9 34.83 0.488 61.64 25.86 
m54 125.23 28.29 23.9 34.84 0.487 61.64 25.86 
m53 125.23 28.29 23.9 34.83 0.488 61.64 25.86 
m4 125.39 28.45 21.4 40.53 0.776 58.49 25.52 
m61 126.14 28.14 23.42 37.95 0.41 59.44 26.7 
m60 126.14 28.14 23.42 37.95 0.41 59.44 26.7 
m41 126.64 28.26 23.51 35.2 0.407 63.32 25.78 
m47 126.64 28.26 23.51 35.2 0.407 63.32 25.78 
m44 126.64 28.26 23.51 35.2 0.407 63.32 25.78 
m42 126.64 28.26 23.51 35.2 0.407 63.32 25.78 
m43 126.64 28.26 23.51 35.2 0.407 63.32 25.78 
m45 126.64 28.26 23.51 35.2 0.407 63.32 25.78 
m46 126.64 28.26 23.51 35.21 0.407 63.21 25.78 
m85 127.05 28.66 26.72 38.89 0.758 54.75 27.01 
m84 127.05 28.66 26.71 38.9 0.758 54.74 27.01 
m63 127.07 28.25 24.64 32.77 0.385 65.33 25.37 
m65 127.07 28.25 24.65 32.77 0.385 65.33 25.37 
m21 127.07 28.25 24.64 32.77 0.385 65.33 25.37 
m64 127.07 28.25 24.64 32.77 0.385 65.33 25.37 
m66 127.07 28.25 24.65 32.76 0.385 65.33 25.37 
m24 128.25 28.12 24.64 36.26 0.517 62.84 25.49 
m9 128.44 28.01 23.1 36.91 0.51 63.5 25.92 
m3 128.93 28.16 25.91 34.07 0.621 63.56 26.27 
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m49 129.69 28.15 23.92 34.67 0.621 65.35 26.46 
m50 129.69 28.15 23.92 34.67 0.621 65.35 26.46 
m51 129.69 27.83 41.67 73.18 2.016 60.99 27.25 
m12 129.97 28.01 21.58 37.48 0.409 65.89 26.42 
m30 129.97 28.01 21.58 37.48 0.409 65.89 26.42 
m29 129.97 28.01 21.59 37.47 0.409 65.89 26.42 
m40 129.97 21.58 37.48 0.409 0.409 65.89 26.42 
m11 129.97 28.01 21.59 37.48 0.409 65.89 26.42 
m39 129.97 28.01 21.59 37.47 0.409 65.89 26.421 
m31 129.97 28.01 21.59 37.47 0.409 65.89 26.42 
m32 129.97 28.01 21.58 37.48 0.409 65.89 26.42 
m33 129.97 28.01 21.59 37.48 0.409 65.88 26.42 
m28 130.15 28.24 26.15 46.77 1.211 49.97 27.09 
m18 131.1 27.89 24.01 35.41 0.506 66.26 26.59 
m19 131.1 27.89 24.02 35.4 0.506 66.27 26.59 
m68 131.36 27.91 21.26 45.92 0.623 58.4 26.85 
m1 131.46 27.92 23.3 42.08 0.839 60.32 26.5 
m35 131.57 28.03 21.28 39.96 0.455 65.57 26.13 
m36 131.57 28.03 21.27 39.96 0.455 65.57 26.13 
m37 131.57 28.03 21.27 39.96 0.455 65.56 26.13 
m34 131.57 28.03 21.28 39.95 0.455 65.57 26.13 
m38 131.57 28.03 21.28 39.95 0.455 65.57 26.13 
m14 132.38 28.31 23.07 36.1 0.585 67.74 26.25 
m13 132.38 28.31 23.07 36.1 0.585 67.74 26.25 
m2 132.58 27.91 26.42 38.17 0.75 62.69 26.15 
rna 132.58 27.91 26.41 38.19 0.75 62.69 26.15 
m10 132.61 28.39 27.91 31.71 0.37 67.89 25.97 
m25 132.61 28.39 27.91 31.71 0.37 
m72 132.61 28.39 27.91 31.71 0.37 67.89 25.97 
m74 132.61 28.39 27.91 31.72 0.37 67.89 25.97 
m75 132.61 28.39 27.91 31.71 0.369 67.89 25.97 
m73 132.61 28.39 27.93 31.69 0.37 67.89 25.97 
m71 132.61 28.39 27.9 31.73 0.369 67.89 25.97 
m26 132.61 28.39 27.91 31.71 0.369 67.89 25.97 
m15 136.32 28.12 21.3 42.61 0.631 66.57 26.69 
m16 136.32 28.12 21.31 42.59 0.63 66.59 26.68 
m17 136.32 28.12 21.12 21.31 0.63 66.58 26.69 
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lm48 I 136.321 2a.12l 21.311 42.61 o.63l 
133d cyclic dimer 
Forcefield = CFF91 
Filename Total 
Energy 
m28 82.698 
m29 82.698 
m30 82.698 
m56 83.057 
m57 83.057 
m58 83.057 
m98 83.057 
m99 83.057 
m55 83.057 
m54 83.29 
m91 83.29 
m100 83.29 
m52 83.29 
m53 83.29 
m59 83.29 
mao 83.484 
m60 83.519 
m40 83.529 
m41 83.529 
m42 83.529 
m61 83.529 
m22 84.141 
m65 84.461 
m64 84.461 
m66 84.461 
m68 84.461 
m70 84.461 
m63 84.461 
m67 84.461 
m69 84.461 
m39 84.718 
BondE 
!(term 1) 
13.42 
13.42 
13.42 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.21 
13.24 
13.48 
13.48 
13.42 
13.48 
13.61 
13.42 
13.43 
13.42 
13.42 
13.42 
13.42 
13.42 
13.42 
13.33 
Theta E PhiE OOPE 
!(term 2) !(term 3) !(term 4) 
21.46 25.18 0.301 
21.46 25.18 0.301 
21.46 25.18 0.301 
17.57 27.43 0.199 
17.57 27.43 0.199 
17.57 27.43 0.199 
17.57 27.43 0.199 
17.57 27.43 0.199 
17.57 27.43 0.199 
18.11 26.77 0.299 
18.11 26.77 0.299 
18.11 26.77 0.299 
18.11 26.77 0.299 
18.11 26.77 0.299 
0.299 
18.22 28.08 0.212 
20.04 23.98 0.34 
21.89 26.16 0.384 
21.89 26.16 0.384 
21.89 0.384 0.384 
21.89 26.16 0.384 
19.39 24.66 0.424 
18.49 27.48 0.381 
18.49 27.48 0.381 
18.49 27.48 0.381 
18.49 27.48 0.381 
18.49 27.48 0.381 
18.49 27.48 0.381 
18.49 27.48 0.381 
18.49 27.48 0.381 
16.51 31.63 0.362 
156 
66.581 26.69 
NBE Col. E 
(term 5-11) (term 12) 
32.61 13.16 
32.61 13.16 
32.61 13.16 
34.85 13.14 
34.85 13.14 
34.85 13.14 
34.85 13.14 
34.85 13.14 
34.85 13.14 
35.03 13.14 
35.03 13.14 
35.03 13.14 
35.03 13.14 
35.03 13.14 
35.03 13.14 
34.09 13.1 
35.56 13.45 
32.1 12.91 
32.1 12.91 
32.1 12.91 
32.1 12.91 
36.29 12.97 
33.95 13.92 
33.95 13.92 
33.95 13.92 
33.95 13.92 
33.95 13.92 
33.95 13.92 
33.95 13.92 
33.95 13.92 
32.45 13.73 
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m37 84.718 13.33 16.51 31.63 0.362 32.46 13.7~ 
m6 84.837 19.41 19.81 26.82 0.44 35.06 12.7E 
m27 85.119 13.57 17.79 31.41 0.311 32.13 13.5~ 
m25 85.152 13.62 17.62 32.2 0.24 31.96 13.~ 
m26 85.152 13.62 17.62 32.2 0.241 31.96 13.~ 
m11 85.165 13.7 21.92 22.64 0.18 37.23 12.7€ 
m15 85.165 13.7 21.92 22.63 0.181 37.23 12.7€ 
m16 85.262 13.5 21.74 26.02 0.283 33.74 13.4E 
m81 85.34 13.25 16.82 30.01 0.209 35.15 13.2~ 
m90 85.34 13.25 16.82 30.01 0.209 35.15 13.2~ 
m19 85.548 13.34 19.95 28.71 0.163 33.79 12.9~ 
m18 85.548 13.34 19.96 28.7 0.163 33.78 12.9~ 
m72 85.719 13.76 22.17 23.27 0.321 35.55 13.97 
m73 85.719 13.76 22.17 23.27 0.321 35.55 13.97 
m74 85.719 13.76 22.17 23.27 0.321 35.55 13.97 
m75 85.719 13.76 22.17 23.27 0.321 35.55 13.97 
m76 85.719 13.76 22.17 23.27 0.321 35.55 13.97 
m77 85.719 13.76 22.17 23.27 0.321 35.55 13.97 
m79 85.719 13.76 22.17 23.27 0.321 35.55 13.97 
m13 85.754 13.66 20.92 25.92 0.324 35.54 13.06 
m62 85.772 13.34 20.22 30.3 0.384 31.51 13.43 
m10 85.834 13.26 20.31 28.87 0.284 33.92 12.72 
m78 85.898 13.58 23.95 24.17 0.341 32.97 14.15 
m71 85.898 13.58 23.97 24.18 0.341 32.96 14.15 
m17 85.948 13.58 19.54 28.99 0.233 34.16 13.11 
m12 86.043 13.71 20.46 27.93 0.235 35.03 12.25 
m14 86.043 13.71 20.45 27.94 0.234 35.03 12.25 
m92 86.073 13.4 18.15 29.01 0.185 36.1 12.57 
m94 86.073 13.4 18.15 29.01 0.185 36.1 12.57 
m95 86.073 13.4 18.15 29.01 0.185 36.1 12.57 
m97 86.073 13.4 18.15 29.01 0.185 36.1 12.57 
m96 86.073 13.4 18.15 29.01 0.185 36.1 12.57 
m93 86.073 13.4 18.14 29.01 0.185 36.1 12.57 
m20 86.632 13.9 22.71 23.33 0.216 36.66 13.34 
m23 86.775 13.69 25.15 25.41 0.404 32.02 13.41 
m24 86.775 13.69 25.14 25.41 0.404 32.02 13.41 
m7 87.816 13.17 17.5 32.24 0.535 35.09 12.71 
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m9 a7.a16 13.1a 17.5 32.24 0.536 35.09 12.71 
rna a7.a17 13.17 17.51 32.23 0.536 35.1 12.71 
m36 88.42 13.29 15.01 38.29 0.399 31.12 13.92 
m3a 88.42 12.29 15.01 38.29 0.399 31.12 13.92 
m21 a8.635 12.94 1a.3 30.9a 0.502 36.32 12.51 
m31 a8.635 12.94 1a.3 30.98 0.502 36.32 12.51 
m32 a8.635 12.94 18.3 30.9a 0.502 36.32 12.51 
m33 a8.635 12.94 1a.3 30.98 0.502 36.32 12.51 
m46 a8.635 12.94 1a.3 30.9a 0.502 36.32 12.51 
m45 a8.635 12.94 1a.3 30.98 0.502 36.32 12.51 
m1 a8.635 12.94 1a.3 30.9a 0.502 36.32 12.51 
ma6 a9.061 13.34 17.8a 35.01 0.467 32.07 13.76 
ma2 a9.061 13.34 17.8a 35.01 0.467 32.07 13.76 
ma3 89.061 13.34 17.8a 35.01 0.467 32.07 13.76 
ma4 a9.061 13.34 17.88 35.01 0.467 32.01 13.76 
mas 89.061 13.34 17.8a 35.01 0.467 32.07 13.76 
m47 90.083 13.12 17.55 32.33 0.895 36.86 12.34 
m2 90.083 13.12 17.55 32.33 0.895 36.86 12.31 
m44 90.172 12.94 33.22 0.563 0.563 35.26 12.52 
m87 90.412 13.46 17.69 35.07 0.346 33.61 13.6a 
m8a 90.412 13.46 17.69 35.07 0.346 33.61 13.6a 
ma9 90.412 13.46 17.69 35.07 0.346 33.61 13.6a 
m34 93.035 12.91 15.45 37.76 0.594 36.32 12.98 
m51 93.421 13.16 17.48 33.9a 1.146 37.66 12.99 
mso 93.545 13.17 15.11 38.84 1.015 35.83 12.71 
m4a 93.545 13.17 15.11 38.85 1.015 35.a3 12.71 
m49 93.685 13.19 15.a 37.67 0.955 36.26 12.81 
m35 93.724 12.9 16.1 41.19 0.666 33.44 12.65 
m43 93.724 12.9 16.1 41.19 0.666 33.44 12.65 
m4 93.742 13.03 16.72 38.64 0.936 34.3 13.19 
m5 95.5 12.94 17.74 39.22 1.335 34.a5 12.42 
m3 95.916 13.04 13.99 44.71 1.127 33.57 12.79 
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133d cyclic tetramer 
Forcefield = CFF91 
Filename Total 
Energy 
m40 149.022 
m44 149.022 
m39 149.022 
m45 149.022 
m38 149.022 
m50 149.532 
m49 149.532 
m34 150.216 
m35 150.387 
m21 150.641 
m22 150.641 
m33 150.649 
m41 151.611 
m42 151.611 
m43 151.611 
m47 151.964 
m48 151.964 
m46 151.964 
m82 152.333 
m56 152.646 
m58 152.845 
m57 152.845 
m60 152.845 
m59 152.845 
m85 152.976 
m84 152.987 
m86 152.99 
m65 153.23 
m81 153.23 
m32 153.299 
m36 153.936 
m37 153.936 
m61 154.22 
BondE Theta E 
(term 1) !(term 2) 
26.76 39.21 
26.76 39.22 
26.76 39.21 
26.76 39.21 
26.76 39.22 
26.95 38.99 
26.95 38.99 
27.08 40.37 
27.14 40.26 
26.94 38.96 
26.94 38.96 
27.07 41.44 
26.9 40.06 
26.9 40.06 
26.9 40.06 
27 36.53 
27 36.53 
27 36.54 
27.06 39.57 
26.96 40.75 
26.95 41.84 
26.95 41.85 
26.95 41.85 
26.95 41.83 
27.07 38.03 
27.11 39.26 
27.11 38.73 
27 37.56 
27 37.56 
27.12 37.89 
26.83 34.48 
26.83 34.48 
27 39.7 
159 
Phi E COPE NBE Col. E 
(term 3) (term 4) (term 5-11) (term 12l 
46.71 0.615 58.47 24.4 
46.71 0.615 58.47 24.4 
46.71 0.615 58.47 24.4 
46.71 0.615 58.47 24.4 
46.71 0.615 58.47 24.4 
47.12 0.613 58.36 24.8 
47.11 0.612 58.37 24.8 
50.58 0.741 54.87 24.1 
46.94 0.642 58.6 24. 
48.19 0.454 58.02 25.2 
48.19 0.454 58.02 25.2 
48.63 0.456 56.52 23.8 
49.65 0.615 57.16 24.4 
49.66 0.615 57.16 24.4 
49.65 0.615 57.16 24.4 
53.2 0.635 57.47 24.7 
53.2 0.635 57.47 24.7 
53.19 0.634 57.48 24.7 
50.25 0.528 57.92 24.4 
47.58 0.586 58.31 25.7 
46.12 0.683 58.63 25.8, 
46.11 0.683 58.63 25.8: 
46.11 0.683 58.63 25.8: 
46.13 0.683 58.63 25.8: 
53.5 0.565 56.97 24.5: 
50.96 0.565 58.19 24.5! 
51.85 0.563 57.85 24.51 
56.38 0.488 54.35 24.9! 
56.39 0.488 54.35 24.9! 
49.4 0.603 60.45 25.2j 
53.15 0.621 61.95 24.0" 
53.15 0.621 61.95 24.0" 
50.11 0.631 58.15 25.5• 
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m99 154.32 27.23 39.65 53.79 0.511 55.78 25.( 
m91 154.32 27.23 39.65 53.79 0.511 55.78 25.( 
m89 154.32 27.23 39.66 53.78 0.511 55.78 25.( 
m96 154.32 27.23 39.65 53.8 0.511 55.77 25.( 
m93 154.32 27.23 39.64 53.8 0.511 55.78 25.( 
m100 154.32 27.23 39.66 53.78 0.512 55.78 25.C 
m88 154.32 27.23 39.65 53.78 0.511 55.79 25.C 
m92 154.32 27.23 39.65 53.77 0.511 55.79 25.C 
m95 154.32 27.23 39.66 53.79 0.512 55.77 25.0 
m97 154.32 27.24 39.64 53.81 0.511 55.77 25.0 
m94 154.32 27.23 39.66 53.79 0.512 55.77 25.0 
m90 154.32 27.23 39.67 53.78 0.512 55.77 25.0 
m87 154.32 27.23 39.65 53.78 0.511 55.8 25.0 
m69 154.668 26.85 39.48 45.97 0.397 64.38 24.6 
m68 154.893 26.88 40.18 45.3 0.438 65.2 24.0 
m71 155.591 26.72 38.01 45.06 0.474 67.08 25. 
m70 155.591 26.72 38.02 45.04 0.475 67.09 25. 
m19 155.94 27.01 41.86 47.26 0.576 61 25.4 
m18 155.94 27.01 41.86 47.26 0.576 61 25.4 
m74 156.296 27.13 41.13 46.06 0.612 62.17 26.3 
mao 156.304 26.78 41.57 48.74 0.549 60.58 25.1 
m79 156.304 26.78 41.57 48.74 0.549 60.58 25.1 
m78 156.304 26.78 41.57 48.75 0.549 60.58 25.1 
m98 156.32 27.23 39.67 53.77 0.512 55.78 25.0 
m83 156.527 27.14 36.04 55.97 0.597 60.04 24.1 
m62 156.622 26.9 38.24 53.29 0.65 58.48 25.9 
m64 156.857 26.82 38.28 53.36 0.678 58.84 25.7 
m25 157.255 26.78 35.52 51.54 0.541 64.6 24.9 
m26 157.255 26.78 35.52 51.55 0.541 64.6 24.9 
m63 157.586 27 40.62 53.16 0.726 57.3 26.0 
m55 158.501 26.79 35.1 51.47 0.426 67.2 24.5 
m54 158.501 26.79 35.1 51.47 0.427 67.2 24.5 
m17 158.549 26.99 42.07 48.71 0.591 60.73 26.7 
m73 158.87 26.69 38.69 56.36 0.588 57.51 26.0 
m72 158.87 26.69 38.69 56.35 0.588 57.51 26.Qi 
m77 158.898 26.87 41.42 51.38 0.618 60.47 25 .. 
m75 159.018 26.99 40.94 46.97 0.543 64.36 26.0' 
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m76 159.018 26.99 40.94 46.97 0.544 64.36 26.0! 
m24 159.675 26.88 35.82 51.29 0.414 68.53 23.9 
m16 160.731 26.66 35.64 51.02 0.458 69.58 24.3' 
m15 160.976 26.71 38.91 51.85 0.504 65.04 24.9~ 
m30 161.096 26.8 40.04 44.32 0.525 71.58 24.6: 
m31 161.138 26.63 37.99 45.74 0.455 72.07 24.8" 
m2 161.453 26.55 40.1 40.96 0.579 74.94 24.9! 
m3 161.453 26.55 40.08 40.99 0.577 74.93 24.9! 
m29 161.744 26.61 39.44 41.92 0.501 74.99 24.1 
m4 161.776 26.65 38.35 44.06 0.505 74.15 24.1 
m5 161.78 26.64 38.35 44.11 0.505 74.11 24.1 
m66 161.843 26.67 37.46 48.22 0.434 71.89 23.9~ 
m23 162.212 26.68 36.4 49.86 0.386 70.87 24.7! 
m53 162.781 26.79 36.35 49.87 0.492 72.18 24.0~ 
m52 162.781 26.79 36.37 49.86 0.493 72.18 24.0~ 
m51 162.781 26.8 36.25 49.93 0.486 72.2 24.0~ 
m28 162.782 26.76 36.63 49.56 0.503 72.26 24.0: 
m27 162.782 26.76 36.68 49.49 0.504 72.28 24.m 
m1 162.786 26.79 36.34 49.93 0.498 72.11 24.m 
m67 163.651 26.72 40.28 43.42 0.538 74.23 25.2: 
m20 165.038 27.08 41.57 46.69 0.612 61.82 25.4E 
m9 171.532 8.109 19.65 51.06 0.513 66.83 25.3i 
rna 172.833 8.16 19.31 51.86 0.489 67.39 25.6: 
m10 173.585 8.131 18.01 51.82 0.444 70.46 24.7~ 
m11 173.587 8.137 18.04 51.76 0.444 70.48 24.7~ 
m7 173.79 8.08 19.95 52.48 0.521 67.46 25.~ 
m6 173.981 8.01 17.97 51.58 0.405 70.69 25.3~ 
m14 176.02 7.788 21.56 54.9 0.561 66.46 24.7€ 
m13 176.021 7.799 21.57 54.82 0.56 66.51 24.77 
m12 176.828 8.048 21.22 55.17 0.441 67.2 24.7E 
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APPENDIXD 
Relative Conformational Energies and End-to-End Distance of All Calculated 
Linear Structures 
PAE-133 Linear Dimer 
Forcefield = CFF91 
File Total End-to-end 
name Energy distance 
(Angstroms) 
m1 49.57861 16.93 
m2 49.57857 16.94 
m3 49.57858 16.95 
m4 49.8509 17.2 
m5 49.8509 17.2 
m6 49.8509 17.2 
m7 48.91391 10.2 
rna 48.94063 11 
m9 48.94063 11 
m10 48.94063 11 
m11 48.94063 11 
m12 48.94063 11 
m13 48.7978 11.93 
m14 48.7978 11.93 
m15 49.88486 14.21 
m16 50.00269 13.98 
m17 49.94043 13.72 
m18 44.58143 5.16 
m19 45.66248 4.92 
m20 44.58143 5.16 
m21 45.66248 4.92 
m22 45.66248 4.9 
m23 44.58143 5.16 
m24 44.58144 5.16 
m25 44.58143 5.16 
m26 45.26633 6.17 
m27 45.69208 6.31 
m28 45.69208 6.31 
m29 61.78645 7.37 
Sorted data 
File Total Distance 
name Energy 
m18 44.58143 5.16 
m20 44.58143 5.16 
m23 44.58143 5.16 
m25 44.58143 5.16 
m42 44.58143 5.16 
m49 44.58143 5.16 
m50 44.58143 5.16 
m51 44.58143 5.16 
m53 44.58143 5.16 
m54 44.58143 5.16 
m57 44.58143 5.16 
m60 44.58143 5.16 
m61 44.58143 5.16 
m67 44.58143 5.16 
m76 44.58143 5.16 
m77 44.58143 5.16 
m79 44.58143 5.16 
mao 44.58143 5.16 
m83 44.58143 5.16 
m84 44.58143 5.16 
m85 44.58143 5.16 
m87 44.58143 5.16 
m88 44.58143 5.16 
m89 44.58143 5.16 
m81 44.58143 5.16 
m24 44.58144 5.16 
m44 45.04125 5.06 
m56 45.04125 5.06 
m78 45.04125 5.06 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
163 
m30 61.78645 7.37 m47 45.04125 5.06 
m31 61.78645 7.37 m46 45.04125 5.06 
m32 61.78645 7.37 m26 45.26633 6.17 
m33 61.78645 7.37 m41 45.26633 6.17 
m34 62.26535 7.38 m45 45.39304 4.32 
m35 61.78645 7.37 m55 45.39304 4.32 
m36 61.78645 7.37 m66 45.39304 4.32 
m37 61.78645 7.37 m70 45.39304 4.32 
m38 61.78645 7.37 m71 45.39304 5.16 
m39 61.78645 7.37 m72 45.39304 5.16 
m40 61.7249 6.33 m73 45.39304 5.16 
m41 45.26633 6.17 m74 45.39304 5.16 
m42 44.58143 5.16 m75 45.39304 5.16 
m43 45.66248 4.92 m100 45.39304 4.32 
m44 45.04125 5.06 m69 45.39304 4.32 
m45 45.39304 4.32 m19 45.66248 4.92 
m46 45.04125 5.06 m22 45.66248 4.9 
m47 45.04125 5.06 m43 45.66248 4.92 
m48 45.66248 4.92 m48 45.66248 4.92 
m49 44.58143 5.16 m52 45.66248 4.92 
m50 44.58143 5.16 m58 45.66248 4.92 
m51 44.58143 5.16 m59 45.66248 4.92 
m52 45.66248 4.92 m65 45.66248 4.92 
m53 44.58143 5.16 m68 45.66248 4.92 
m54 44.58143 5.16 m82 45.66248 4.92 
m55 45.39304 4.32 m21 45.66248 4.92 
m56 45.04125 5.06 m86 45.66251 4.92 
m57 44.58143 5.16 m27 45.69208 6.31 
m58 45.66248 4.92 m28 45.69208 6.31 
m59 45.66248 4.92 m98 46.05933 5.85 
m60 44.58143 5.16 m99 46.05933 5.85 
m61 44.58143 5.16 m90 47.25102 4.86 
m62 48.24046 4.1 m91 47.25102 4.86 
m63 48.49611 4.74 m92 47.25102 4.86 
m64 48.24046 4.1 m95 47.25102 4.86 
m65 45.66248 4.92 m96 47.25102 4.86 
m66 45.39304 4.32 m97 47.25102 4.86 
m67 44.58143 5.16 m62 48.24046 4.1 
m68 45.66248 4.92 m64 48.24046 4.1 
m69 45.39304 4.32 m94 48.3498 3.71 
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m70 45.39304 4.32 m93 48.38814 3.73 
m71 45.39304 5.16 m63 48.49611 4.74 
m72 45.39304 5.16 m13 48.7978 11.93 
m73 45.39304 5.16 m14 48.7978 11.93 
m74 45.39304 5.16 m7 48.91391 10.2 
m75 45.39304 5.16 m8 48.94063 11 
m76 44.58143 5.16 m9 48.94063 11 
m77 44.58143 5.16 m10 48.94063 11 
m78 45.04125 5.06 m11 48.94063 11 
m79 44.58143 5.16 m12 48.94063 11 
mao 44.58143 5.16 m2 49.57857 16.94 
m81 44.58143 5.16 m3 49.57858 16.95 
m82 45.66248 4.92 m1 49.57861 16.93 
m83 44.58143 5.16 m5 49.8509 17.2 
m84 44.58143 5.16 m6 49.8509 17.2 
m85 44.58143 5.16 m4 49.8509 17.2 
m86 45.66251 4.92 m15 49.88486 14.21 
m87 44.58143 5.16 m17 49.94043 13.72 
m88 44.58143 5.16 m16 50.00269 13.98 
m89 44.58143 5.16 m40 61.7249 6.33 
m90 47.25102 4.86 m29 61.78645 7.37 
m91 47.25102 4.86 m30 61.78645 7.37 
m92 47.25102 4.86 m32 61.78645 7.37 
m93 48.38814 3.73 m33 61.78645 7.37 
m94 48.3498 3.71 m35 61.78645 7.37 
m95 47.25102 4.86 m37 61.78645 7.37 
m96 47.25102 4.86 m38 61.78645 7.37 
m97 47.25102 4.86 m39 61.78645 7.37 
m98 46.05933 5.85 m31 61.78645 7.37 
m99 46.05933 5.85 m36 61.78645 7.37 
m100 45.39304 4.32 m34 62.26535 7.38 
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PAE-1330 Linear Dimer 
Forcefield = CFF91 
File Total End-to-end 
name Energy distance 
(Angstroms) 
m1 58.42925 5.81 
m2 59.16935 5.32 
m3 58.42925 5.81 
m4 58.42925 5.81 
m5 58.42925 5.81 
m6 60.2803 7.89 
m7 61.39483 6.96 
mB 58.18338 7.41 
m9 58.18339 7.41 
m10 59.5747 5.09 
m11 60.18405 5.24 
m12 60.7401 4.79 
m13 58.63409 5.5 
m14 58.63409 5.5 
m15 59.41064 5.71 
m16 61.55796 7.23 
m17 58.98571 7.23 
m18 63.02838 7.35 
m19 59.09512 8.04 
m20 59.09512 7.84 
m21 63.44433 7.84 
m22 63.44434 8.75 
m23 60.0575 8.74 
m24 60.0575 7.43 
m25 58.29838 7.43 
m26 62.66644 7.52 
m27 58.29876 9.04 
m28 58.29838 7.52 
m29 58.29838 7.52 
m30 58.29838 7.52 
m31 60.2803 7.89 
m32 60.28029 7.89 
m33 62.34022 8.22 
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Sorted Data 
File Total Distance 
name Energy 
rna 58.18338 7.41 
m9 58.18339 7.41 
m28 58.29838 7.52 
m25 58.29838 7.43 
m29 58.29838 7.52 
m30 58.29838 7.52 
m27 58.29876 9.04 
m1 58.42925 5.81 
m4 58.42925 5.81 
m5 58.42925 5.81 
m3 58.42925 5.81 
m13 58.63409 5.5 
m14 58.63409 5.5 
m17 58.98571 7.23 
m19 59.09512 8.04 
m20 59.09512 7.84 
m2 59.16935 5.32 
m15 59.41064 5.71 
m10 59.5747 5.09 
m41 59.64104 10.11 
m42 59.64104 10.11 
m24 60.0575 7.43 
m23 60.0575 8.74 
m11 60.18405 5.24 
m32 60.28029 7.89 
m39 60.28029 7.89 
m6 60.2803 7.89 
m31 60.2803 7.89 
m40 60.65056 8.26 
m12 60.7401 4.79 
m43 60.82514 11.44 
m44 60.82514 11.44 
m45 60.82514 11.44 
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m34 62.58492 6.94 m46 60.82514 11.44 
m35 62.58492 6.94 m49 60.82514 11.44 
m36 61.955 7.21 m50 60.82514 11.44 
m37 61.955 7.21 m51 60.82514 11.44 
m38 61.955 7.21 m52 60.82514 11.44 
m39 60.28029 7.89 m7 61.39483 6.96 
m40 60.65056 8.26 m57 61.41867 12.84 
m41 59.64104 10.11 m16 61.55796 7.23 
m42 59.64104 10.11 m61 61.55796 7.23 
m43 60.82514 11.44 m47 61.82514 9.8 
m44 60.82514 11.44 m48 61.82514 9.8 
m45 60.82514 11.44 m36 61.955 7.21 
m46 60.82514 11.44 m37 61.955 7.21 
m47 61.82514 9.8 m38 61.955 7.21 
m48 61.82514 9.8 m33 62.34022 8.22 
m49 60.82514 11.44 m54 62.5532 10.83 
m50 60.82514 11.44 m55 62.5532 10.83 
m51 60.82514 11.44 m56 62.5532 10.83 
m52 60.82514 11.44 m34 62.58492 6.94 
m53 62.90508 12.47 m35 62.58492 6.94 
m54 62.5532 10.83 m26 62.66644 7.52 
m55 62.5532 10.83 m53 62.90508 12.47 
m56 62.5532 10.83 m18 63.02838 7.35 
m57 61.41867 12.84 m21 63.44433 7.84 
m58 71.08172 12.77 m22 63.44434 8.75 
m59 69.09719 11.38 m75 67.75971 5.74 
m60 69.09719 11.38 m77 67.75971 5.74 
m61 61.55796 7.23 m81 67.75971 5.74 
m62 71.02262 7.31 m82 67.75971 5.74 
m63 71.02262 7.31 m83 67.75971 5.74 
m64 71.25507 5.46 m84 67.75971 5.74 
m65 67.82249 5.89 m85 67.75971 5.74 
m67 67.75971 5.74 m86 67.75971 5.74 
m68 67.75971 5.74 m87 67.75971 5.74 
m69 67.75971 5.74 mas 67.75971 5.74 
m70 68.5844 4.62 m89 67.75971 5.74 
m71 68.5844 4.62 m90 67.75971 5.74 
m72 68.5844 4.62 m91 67.75971 5.74 
m73 67.75973 5.74 m92 67.75971 5.74 
m74 69.14612 7.55 m93 67.75971 5.74 
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m75 67.75971 5.74 m94 67.75971 5.74 
m76 72.6124 5.88 m95 67.75971 5.74 
m77 67.75971 5.74 m96 67.75971 5.74 
m78 69.14612 7.55 m97 67.75971 5.74 
m79 68.32343 8.5 m98 67.75971 5.74 
mao 68.32343 8.5 m99 67.75971 5.74 
m81 67.75971 5.74 m100 67.75971 5.74 
m82 67.75971 5.74 m67 67.75971 5.74 
m83 67.75971 5.74 m68 67.75971 5.74 
m84 67.75971 5.74 m69 67.75971 5.74 
m85 67.75971 5.74 m73 67.75973 5.74 
m86 67.75971 5.74 m65 67.82249 5.89 
m87 67.75971 5.74 m79 68.32343 8.5 
mas 67.75971 5.74 mao 68.32343 8.5 
m89 67.75971 5.74 m70 68.5844 4.62 
m90 67.75971 5.74 m71 68.5844 4.62 
m91 67.75971 5.74 m72 68.5844 4.62 
m92 67.75971 5.74 m59 69.09719 11.38 
m93 67.75971 5.74 m60 69.09719 11.38 
m94 67.75971 5.74 m74 69.14612 7.55 
m95 67.75971 5.74 m78 69.14612 7.55 
m96 67.75971 5.74 m62 71.02262 7.31 
m97 67.75971 5.74 m63 71.02262 7.31 
m98 67.75971 5.74 m58 71.08172 12.77 
m99 67.75971 5.74 m64 71.25507 5.46 
m100 67.75971 5.74 m76 72.6124 5.88 
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APPENDIXE 
Representative Space Filling and Ball and Stick Models 
PAE-l33D Cyclic Dimer 
P .E = 82.698382 Kcal/mole 
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PAE-1330 Cyclic Dimer 
P .E = 82.698382 Kcal/mole 
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PAE-133 Cyclic Dimer 
P.E = 69.008721 Kcal/mole 
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PAE-133 Cyclic Dimer 
P.E = 69.008721 Kcallmole 
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PAE-133D Cyclic Tetramer 
P.E = 149.022384 Kcal/mole 
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P AE-133D Cyclic Tetramer 
P.E = 149.022384 Kcal/mole 
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CONCLUSIONS 
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Cyclic a.rylene ether oligomers based on two different bisphenols, 3,3'-
(ethylene dioxy)diphenol (3-EDD) and 3,3'-bis(hydroxyphenyl)methane (3-HPM), 
condensed with 1,3-bis( 4-tluorobenzoyl)benzene ( 1,3-FBB) were synthesized and 
characterized. 
The effects of varying reaction conditions were investigated to increase the 
yield of the cyclic oligomers to a useful range. Five variables were manipulated; 
solvent, reaction time, reaction temperature, cation, and concentration. This study 
has led to useful insights. For example, we have shown that the solvent system and 
the reaction temperature have a tremendous effect on the product distribution. In 
some cases, we were able to synthesize cyclic oligomers in quantitative yields 
without the generation of linear oligomers or high molecular weight polymer. 
Furthermore, we studied the cyclization reaction by selected reaction monitoring 
(SRM). This technique proved especially useful in monitoring the time 
dependence of the concentration of the 1,3-FBB monomer, the cyclic dimer, and 
the linear trimer within a complex reaction mixture. The results of these kinetics 
studies have indicated that: 
(1) long reaction times are unnecessary, 
(2) NMP is useful in the exclusive synthesis of the cyclic dimer, and 
(3) DMAc works best for the synthesis of a series of cyclic oligomers 
Therefore, depending on the application for which these cyclic oligomers 
are sought, one may prefer to use one set of reaction conditions over the other. In 
one case, a mixture of cyclic oligomers is more useful as precursors for high 
molecular weight polymer. Such a mixture melts at a lower temperature than a 
single-sized cyclic oligomer and hence is easier to process. On the other hand, the 
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single-sized cyclic dimer may be more useful when studying the complexation 
properties of the macrocyclic ring. 
175 
The structure of the cyclic oligomers was proven through tandem mass 
spectrometry (MS/MS), proton NMR, and elemental analysis. In additio~ the 
crystal structure of the PAE-133 cyclic dimer was determined. This 
crystallographic structure has shown that the cyclic dimer, in this case, contains a 
rigid cavity and that the three-dimensional lattice structure consists of channels 
formed by the alignment of these rigid cavities. Although much further 
experimentation is needed, the P AE-133 cyclic dimer may be a potential inclusion 
compound. 
Molecular simulations were performed to determine low energy 
conformations of the cyclic dimer and tetramer in both systems under 
consideration. These investigations have shown that the PAE-133 cyclic dimer 
contains a rigid cavity and therefore can only adopt a limited number of 
conformations. In fact. it can be shown that one of the predicted low energy 
conformations matches the experimental crystal structure. Conversely, the diox:y 
linkage in the PAE-133D cyclic dimer imparts much flexibility to the macrocyclic 
ring and the potential energy surface of this molecule was found to contain may 
shallow minima. In additio~ as the size of the macrocyclic ring increases, the 
number of low energy conformations also increases. In both cases, the cyclic 
tetramers were found to be very flexible and could therefore adopt a large number 
of conformations with a preference for a twisted structure. 
Molecular modeling of the linear dimer has indicated that these molecules 
prefer a bent conformation such that the reactive ends are within a reaction 
volume. This preference for the bent orientation may be due to the structural 
framework of the molecule (i.e., mostly meta linkages). 
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